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PHARMACEUTICAL COMPOSITIONS 
INCLUDINGAPORTION OF THE 

C-TERMINUS OF FGF23 

This application is a continuation of U.S. patent applica 
tion Ser. No. 12/915,801, filed Oct. 29, 2010, which claims 
the benefit of U.S. Provisional Patent Application Ser. No. 
61/256,361, filed Oct. 30, 2009, each of which is hereby 
incorporated by reference in its entirety. 
The Subject matter of this application was made with Sup 

port from the United States Government under National Insti 
tutes of Health (NIH) grant numbers DE13686, AG19712, 
AG25326, DK48482, DK20543, and DKO77276. The U.S. 
government has certain rights. 

FIELD OF THE INVENTION 

The present invention is directed to inhibiting binding of 
FGF23 to the binary FGFR-Klotho complex for the treatment 
of hypophosphatemia. 

BACKGROUND OF THE INVENTION 

Inorganic phosphate plays a key role in a myriad of bio 
logical processes, including bone mineralization, reversible 
regulation of protein function by phosphorylation, and pro 
duction of adenosine triphosphate. Plasma levels of phos 
phate range between 2.2 and 4.9 mg/dl (Dwyer et al., “Severe 
Hypophosphatemia in Postoperative Patients. Nutr Clin 
Pract 7(6):279-283 (1992), Alonet al., “Calcimimetics as an 
Adjuvant Treatment for Familial Hypophosphatemic Rick 
ets.” Clin J Am Soc. Nephrol 3: 658-664 (2008)), and are 
primarily regulated by modifying renal tubular reabsorption. 
Because of phosphate's pleiotropic activity, imbalances in 
phosphate homeostasis adversely affect essentially every 
major tissue/organ. 

Hypophosphatemia is a common clinical condition with an 
incidence ranging from 0.2-3.1% in all hospital admissions to 
21.5-80% in specific subgroups of hospitalized patients 
(Gaasbeek et al., “Hypophosphatemia: An Update on its Eti 
ology and Treatment.” Am J Med 118(10): 1094-1101 (2005), 
Brunelli et al., “Hypophosphatemia: Clinical Consequences 
and Management.” J Am Soc Nephrol 18(7):1999-2003 
(2007)). Acute clinical manifestations of hypophosphatemia 
include respiratory failure, cardiac arrhythmia, hemolysis, 
rhabdomyolysis, seizures, and coma. Chronic clinical mani 
festations of hypophosphatemia include myalgia and osteo 
malacia (Gaasbeek et al., “Hypophosphatemia: An Update on 
its Etiology and Treatment.” Am J Med 118(10):1094-1101 
(2005)). Hypophosphatemia originates from diverse patho 
physiologic mechanisms, most importantly from renal phos 
phate wasting, an inherited or acquired condition in which 
renal tubular reabsorption of phosphate is impaired (Imel et 
al., “Fibroblast Growth Factor 23: Roles in Health and Dis 
ease.” JAm Soc Nephrol 16(9): 2565-2575 (2005); Negri A. 
“Hereditary Hypophosphatemias: New Genes in the Bone 
kidney Axis.” Nephrology (Carlton) 12(4):317-320 (2007)). 
Hypophosphatemia can also be associated with alcoholic and 
diabetic ketoacidosis, acute asthma, chronic obstructive pull 
monary disease, sepsis, recovery from organ transplantation, 
and the “refeeding syndrome', which refers to metabolic 
disturbances seen in malnourished patients on commencing 
nutrition (Gaasbeek et al., “Hypophosphatemia: An Update 
on its Etiology and Treatment. Am J Med 118(10): 1094 
1101 (2005), Miller et al., “Hypophosphatemia in the Emer 
gency Department Therapeutics.” Am J Emerg Med 18(4): 
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2 
457-461 (2000), Marinella M.A., “Refeeding Syndrome and 
Hypophosphatemia. J Intensive Care Med 20(3):155-159 
(2005)). 

Oral or intravenous administration of inorganic phosphate 
salts is the current mainstay for the management of hypo 
phosphatemia. Oral phosphate therapy requires high doses, 
which frequently lead to diarrhea or gastric irritation (Shiber 
et al., "Serum Phosphate Abnormalities in the Emergency 
Department.” JEmerg Med23(4):395-400 (2002)). For intra 
venous phosphate therapy, the response to any given dose is 
sometimes unpredictable (Bohannon N.J., “Large Phosphate 
Shifts with Treatment for Hyperglycemia. Arch Intern Med 
149(6):1423-1425 (1989), Charronet al., “Intravenous Phos 
phate in the Intensive Care Unit: More Aggressive Repletion 
Regimens for Moderate and Severe Hypophosphatemia.” 
Intensive Care Med 29(8): 1273-1278 (2003); Rosen et al., 
“Intravenous Phosphate Repletion Regimen for Critically Ill 
patients with Moderate Hypophosphatemia. Crit Care Med 
23(7): 1204-1210 (1995)), and complications include “over 
shoot hyperphosphatemia, hypocalcemia, and metastatic 
calcification (Gaasbeek et al., “Hypophosphatemia: An 
Update on its Etiology and Treatment. Am J Med 118(10): 
1094-1101 (2005); Shiber et al., “Serum Phosphate Abnor 
malities in the Emergency Department J Emerg Med23(4): 
395-400 (2002)). In addition, parenteral regimens are not 
practical for chronic disorders. Most importantly, replace 
ment therapy alone is neveradequate when there is significant 
renal phosphate wasting. Therefore, novel strategies for the 
treatment of hypophosphatemia are needed. 

Kidney transplantation is the preferred treatment of end 
stage renal failure, and hypophosphatemia is a well recog 
nized problem during the first weeks after engraftment. The 
majority of kidney transplant patients often experience exces 
sive renal phosphate leakage (Schwarz et al., “Impaired Phos 
phate Handling of Renal Allografts is Aggravated under 
Rapamycin-based Immunosuppression.” Nephrol Dial 
Transplant 16:378-382 (2001); Moorheadet al., “Hypophos 
phataemic Osteomalacia after Cadaveric Renal Transplanta 
tion.” Lancet 1 (7860):694-697 (1974)), because the trans 
planted kidneys only marginally reabsorb the urinary 
phosphate to the circulation. The reasons for this poor reab 
Sorbing activity on the part of transplanted kidneys are 
unknown. It frequently causes the patients malnutrition and 
secondary osteoporosis. This problem cannot be treated by a 
simple exogenous Supplementation of phosphate. Similar 
renal phosphate leakage with unknown pathology is often 
observed in pediatric medicine, with outcomes such as mal 
nutrition or growth retardation. 
A recent study in adults demonstrated that as many as 93% 

of patients develop moderate to severe hypophosphatemia 
(serum phosphate concentration 0.9-2.25 mg/dl), an average 
of 5 weeks following transplantation (Ambuhl et al., “Meta 
bolic Aspects of Phosphate Replacement Therapy for Hypo 
phosphatemia After Renal Transplantation Impact on Mus 
cular Phosphate Content, Mineral Metabolism, and Acid/ 
base Homeostasis.” Am J Kidney Dis 34:875-83 (1999)). 

Health problems associated with circulating phosphate 
shortage are not limited to humans. Dairy cows sometimes 
Suffer from hypophosphatemia (too low phosphate in the 
blood) caused by overproduction of the milk. It not only 
deteriorates the nutritional quality of the milk but also often 
make the cows useless for milk production. It is a relatively 
common problem in dairy farms (Goff, J. P., “Pathophysiol 
ogy of Calcium and Phosphorus Disorders. Vet Clin North 
Am Food Anim Pract 16(2):319-37 (2000), Oetzel, G. R., 
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“Management of Dry Cows for the Prevention of Milk Fever 
and Other Mineral Disorders. Vet Clin North Am Food Anim 
Pract 16(2):369-86 (2000)). 

Fibroblast growth factor (FGF) 23, is an endocrine regula 
tor of phosphate homeostasis, and was originally identified as 
the mutated gene in patients with the phosphate wasting dis 
order "autosomal dominant hypophosphatemic rickets' 
(ADHR) (Anonymous. Autosomal Dominant Hypophos 
phataemic Rickets is Associated with Mutations in FGF23,” 
Nat Genet 26(3):345-348 (2000)). FGF23 inhibits reabsorp 
tion of phosphate in the renal proximal tubule by decreasing 
the abundance of the type II sodium-dependent phosphate 
transporters NaP-2A and NaP-2C in the apical brush border 
membrane (Baum et al., “Effect of Fibroblast Growth Factor 
23 on Phosphate Transport in Proximal Tubules.” Kidney Int 
68(3):1148-1153 (2005); Perwad et al., “Fibroblast Growth 
Factor 23 Impairs Phosphorus and Vitamin D Metabolism In 
Vivo and Suppresses 25-hydroxyvitamin D-1alpha-hydroxy 
lase Expression. In Vitro. Am J Physiol Renal Physiol 293 
(5):F1577-1583 (2007); Larsson et al., “Transgenic mice 
expressing fibroblast growth factor 23 under the control of the 
alpha1 (I) collagen promoter exhibit growth retardation, 
osteomalacia, and disturbed phosphate homeostasis. Endo 
crinology 145(7):3087-3094 (2004)). The phosphaturic 
activity of FGF23 is down-regulated by proteolytic cleavage 
at the '7RXXR7 (SEQ ID NO: 1) motif, where “XX” is 
defined as “HT”, corresponding to positions 177 and 178, 
respectively, of the FGF23 amino acid sequence, producing 
an inactive N-terminal fragment (Y25 to R179) and a C-ter 
minal fragment (S180 to I251) (FIG. 1A) (Goetz et al., 
“Molecular Insights into the Klotho-dependent, Endocrine 
Mode of Action of Fibroblast Growth Factor 19 Subfamily 
Members.” Mol Cell Biol. 27(9):3417-3428 (2007)). FGF 
receptor (FGFR) 1 is the principal mediator of the phospha 
turic action of FGF23 (Liu et al., “FGFR3 and FGFR4 do not 
Mediate Renal Effects of FGF23, 'JAm Soc Nephrol 19(12): 
2342-2350 (2008); Gattineni et al., “FGF23 Decreases Renal 
NaPi-2a and NaPi-2c Expression and Induces Hypophos 
phatemia in vivo Predominantly via FGF Receptor 1,' Am J 
Physiol 297(2):F282-F291 (2009)). In addition, Klotho, a 
protein first described as an aging Suppressor (Kuro-o et al., 
“Mutation of the Mouse Klotho Gene Leads to a Syndrome 
Resembling Aging.” Nature 390(6655):45-51 (1997)), is 
required as a coreceptor by FGF23 in its target tissue in order 
to exert its phosphaturic activity (Kurosu et al., “Regulation 
of Fibroblast Growth Factor-23 Signaling by Klotho, J Biol 
Chem 281 (10):6120-6123 (2006); Urakawa et al., “Klotho 
Converts Canonical FGF Receptor into a Specific Receptor 
for FGF23, 'Nature 444(7120):770-774 (2006)). Klotho con 
stitutively binds the cognate FGFRs of FGF23, and the binary 
FGFR-Klotho complexes exhibit enhanced binding affinity 
for FGF23 (Kurosu et al., “Regulation of Fibroblast Growth 
Factor-23 Signaling by Klotho, J Biol Chem 281 (10):6120 
6123 (2006); Urakawa et al., “Klotho Converts Canonical 
FGF Receptor into a Specific Receptor for FGF23, ' Nature 
444(7120):770-774 (2006)). In co-immunoprecipitation 
studies, it was demonstrated that the mature, full-length form 
of FGF23 (Y25 to I251) but not the inactive N-terminal frag 
ment of proteolytic cleavage (Y25 to R179) binds to binary 
FGFR-Klotho complexes (Goetz et al., “Molecular Insights 
into the Klotho-dependent, Endocrine Mode of Action of 
Fibroblast Growth Factor 19 Subfamily Members.” Mol Cell 
Biol. 27(9):3417-3428 (2007)). 
The present invention is directed to overcoming the defi 

ciencies in the art. 

SUMMARY OF THE INVENTION 

A first aspect of the present invention relates to a method of 
treating hypophosphatemia in a Subject. This method 
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4 
involves selecting a subject with hypophosphatemia associ 
ated with elevated or normal FGF23 levels, and administering 
to the selected subject an inhibitor of FGF23-Klotho-FGF 
receptor complex formation under conditions effective to 
treat the hypophosphatemia. 
A second aspect of the present invention relates to a method 

of screening for compounds Suitable for treatment of hypo 
phosphatemia associated with elevated or normal FGF23 lev 
els. This method involves providing: FGF23, binary FGFR 
Klotho complex, and one or more candidate compounds. The 
FGF23, the FGFR-Klotho complex, and the candidate com 
pounds are combined under conditions effective for the 
FGF23 and the binary FGFR-Klotho complex to form a ter 
nary complex if present by themselves. The candidate com 
pounds, which prevent formation of the complex, are identi 
fied as being potentially Suitable in treating 
hypophosphatemia associated with elevated or normal 
FGF23 levels. 
The present invention also relates to a method of screening 

the specificity of compounds which prevent formation of the 
FGF23-Klotho-FGFR complex. This method involves pro 
viding FGF19, providing binary FGFR-BKlotho complex, 
and providing one or more candidate compounds. The 
FGF19, the binary FGFR-BKlotho complex, and the candi 
date compounds are combined under conditions effective for 
the FGF19 and the binary FGFR-BKlotho complex to form a 
ternary complex if present by themselves. Candidate com 
pounds which do not interfere with formation of the complex 
are identified as being specific and potentially suitable in 
treating hypophosphatemia associated with elevated or nor 
mal FGF23 levels. 

Fibroblast growth factor (FGF) 23 is a key hormone and 
regulator of phosphate homeostasis, which inhibits renal 
phosphate reabsorption by activating FGF receptor (FGFR) 
1c in a Klotho-dependent fashion. The present invention 
shows that proteolytic cleavage at the RXXR motif down 
regulates FGF23's activity by a dual mechanism: by remov 
ing the binding site for the binary FGFR-Klotho complex that 
resides in the C-terminal region of FGF23, and by generating 
an endogenous FGF23 inhibitor. The soluble ectodomains of 
FGFR1c and Klotho are sufficient to form a ternary complex 
with FGF23 in vitro. The C-terminal tail of FGF23 mediates 
binding of FGF23 to a de novo site generated at the composite 
FGFR1c-Klotho interface. Consistent with this finding, the 
isolated 72-residue-long C-terminal tail of FGF23 the 
C-terminal fragment of proteolytic cleavage at the RXXR 
motif impairs FGF23 signaling by competing with full 
length ligand for binding to the binary FGFR-Klotho com 
plex. Injection of the FGF23 C-terminal tail peptide into 
healthy rats inhibits renal phosphate excretion and induces 
hyperphosphatemia. In a mouse model of renal phosphate 
wasting attributable to high FGF23, the FGF23 C-terminal 
tail peptide reduces phosphate excretion leading to an 
increase in serum phosphate concentration. It is proposed that 
the proteolytic C-terminal fragment of FGF23 is an endog 
enous inhibitor of FGF23 and that peptides derived from the 
C-terminal tail of FGF23, or peptidomimetics and small mol 
ecule organomimetics of the C-terminal tail can be used as 
novel therapeutics to treat hypophosphatemia where FGF23 
is not down-regulated as a compensatory mechanism. 

Applicants have determined that the 72-amino acid C-ter 
minal tail of FGF23 mediates binding of FGF23 to the binary 
FGFR-Klotho complex and, indeed, this region harbors the 
FGF23-binding site for the binary FGFR-Klotho complex. 
Based on this finding, the ability of the C-terminal region of 
FGF23 to antagonize FGF23 binding to FGFR-Klotho and its 
phosphaturic action is evaluated. It is shown that peptides 
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derived from this region are able to competitively displace 
full-length FGF23 from its ternary complex with Klotho and 
FGFR, and inhibit FGF23 signaling. It is further shown that 
these peptides are able to antagonize FGF23's phosphaturic 
activity in vivo, both in healthy rats and in a mouse model of 
phosphate wasting disorders. Based on these data, it is 
believed that peptides derived from the C-terminal tail of 
FGF23, or peptidomimetics and Small molecule organomi 
metics of the C-terminal tail can be used as novel therapeutics 
to treat patients with hypophosphatemia where FGF23 is not 
down-regulated as a compensatory mechanism. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1A-G show that FGF23 binds to the preformed 
binary complex of the ectodomains of FGFR and Klotho. 
FIG. 1A shows the FGF23 proteins and peptides used in this 
study. Amino acid boundaries of each protein/peptide are 
labeled with residue letter and number. The FGF23 core 
region is shaded grey, and the position of the proteolytic 
cleavage site RXXR (SEQ ID NO: 1) is indicated, where 
“XX is defined as “HT”, corresponding to positions 177 and 
178 of SEQID NO:3, respectively, of the FGF23 amino acid 
sequence. FIG. 1B shows a size-exclusion chromatogram of 
the 1: 1 FGFR1c-Klotho complex. Arrows indicate the reten 
tion times of molecular size standards and the Void volume 
(V). Proteins of column peak fractions were resolved on 
14% SDS-polyacrylamide gels and stained with Coomassie 
Blue. FIG. 1C shows a size-exclusion chromatogram of the 
ternary FGF23'-FGFR1c-Klotho complex. Arrows indi 
cate the retention times of molecular size standards and the 
void volume (V). Proteins of column peak fractions were 
resolved on 14% SDS-polyacrylamide gels and stained with 
Coomassie Blue. FIG. 1D shows a representative surface 
plasmon resonance (SPR) sensorgram of FGFR1c binding to 
Klotho, and fitted saturation binding curve. Klotho 
ectodomain was immobilized on a biosensor chip, and 
increasing concentrations of FGFR1c ectodomain were 
passed over the chip. The dissociation constant (K) was 
calculated from the saturation binding curve. FIG. 1E shows 
a representative SPR sensorgram illustrating binding of 
FGF23 to the binary FGFR1c-Klotho complex. 
FGF23 '' was immobilized on a biosensor chip, and 
increasing concentrations of FGFR1c-Klotho complex were 
passed over the chip. FIG. 1F shows a representative SPR 
sensorgram of FGF23 binding to Klotho alone. FGF23 '' 
was immobilized on a biosensor chip, and increasing concen 
trations of Klotho ectodomain were passed over the chip. 
FIG. 1G shows a representative SPR sensorgram of FGF23 
binding to FGFR1c alone. FGF23 was immobilized on 
a biosensor chip, and increasing concentrations of FGFR1c 
ectodomain were passed over the chip. 

FIGS. 2A-D show the FGF23 C-terminal tail mediates 
binding of FGF23 to the binary FGFR-Klotho complex. FIG. 
2A shows a representative SPR sensorgram illustrating bind 
ing of FGF23 '''' to the binary FGFR1c-Klotho complex. 
FGF23 '''' was immobilized on a biosensor chip, and 
increasing concentrations of FGFR1c-Klotho complex were 
passed over the chip. FIG. 2B shows a size-exclusion chro 
matogram of the mixture of the 1:1 FGFR1c-Klotho complex 
with FGF23'''. Arrows indicate the retention times of 
molecular size standards and the void volume (V). Proteins 
of column peak fractions were resolved on 14% SDS-poly 
acrylamide gels and stained with Coomassie Blue. FIG. 2C 
shows a size-exclusion chromatogram of the mixture of the 
1:1 FGFR1c-Klotho complex with FGF237. Arrows 
indicate the retention times of molecular size standards and 
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6 
the void volume (V). Proteins of column peak fractions were 
resolved on 14% SDS-polyacrylamide gels and stained with 
Coomassie Blue. FIG. 2D shows analysis of FGF23 protein/ 
peptide binding to FGFR-Klotho complex by pull-down 
assay. Lysate of HEK293 cells stably expressing Klotho was 
incubated with FGF23 proteins, or protein sample buffer 
(control). Binary complexes of endogenous FGFR and 
Klotho were isolated from cell lysate by immunoprecipitation 
(IP) and analyzed for bound FGF23 protein/peptide. 

FIGS. 3A-H show that the isolated FGF23 C-terminal tail 
peptide competes with FGF23 for binding to the binary 
FGFR-Klotho complex. FIG.3A shows a representative SPR 
sensorgram illustrating inhibition by FGF23 '''' of 
FGFR1c-Klotho binding to FGF23’’ immobilized on a 
biosensor chip. Increasing concentrations of FGF23''' 
were mixed with a fixed concentration of FGFR1c-Klotho 
complex and the mixtures were passed over a FGF23 chip. 
FIG. 3B shows a representative SPR sensorgram illustrating 
inhibition by FGF23 of FGFR1c-Klotho binding to 
FGF23 immobilized on a biosensor chip. Increasing 
concentrations of FGF23''' were mixed with a fixed con 
centration of FGFR1c-Klotho complex and the mixtures were 
passed over a FGF23 chip. The sequences of FGF23 '''', 
FGF23 '''', and FGF23 are listed in Table 1. FIG.3C 
shows a representative SPR sensorgram illustrating inhibition 
by FGF232° of FGFR1c-Klotho binding to FGF23??' 
immobilized on a biosensor chip. Increasing concentrations 
of FGF23 were mixed with a fixed concentration of 
FGFR1c-Klotho complex and the mixtures were passed over 
a FGF23 chip. FIG. 3D shows dose-response curves for inhi 
bition by FGF23 '''' (filled circles), FGF23 '' (open 
circles), or FGF23 (filled triangles) of FGFR1c-Klotho 
binding to FGF23 immobilized on a biosensor chip (see also 
SPR sensorgrams shown in FIGS. 3A-C). For each dose 
response curve, averaged data from two to three SPR experi 
ments are presented. Inhibition of binding by the FGF23 
C-terminal peptides and full-length FGF23, respectively, is 
expressed as percent of the binding response obtained for the 
binary FGFR1c-Klotho complex alone, and plotted as a func 
tion of the concentration of FGF23 protein/peptide. Note that 
the dose-response curves of the C-terminal FGF23 peptides 
are shifted to the right by about 3-fold and 6-fold, respec 
tively, compared to the dose-response curve of full-length 
FGF23. Error bars denote SD. FIG.3E shows a representative 
SPR sensorgram illustrating inhibition by FGF23° of 
FGFR1c-Klotho binding to FGF23 immobilized on a biosen 
sor chip. Increasing concentrations of FGF23’’ were 
mixed with a fixed concentration of FGFR1c-Klotho complex 
and the mixtures were passed over a FGF23 '''' chip. FIG. 
3F shows a representative SPR sensorgram illustrating inhi 
bition by FGF23 '''' of FGFR1c-Klotho binding to 
FGF23'''' immobilized on a biosensor chip. Increasing 
concentrations of FGF23'''' were mixed with a fixed con 
centration of FGFR1c-Klotho complex and the mixtures were 
passed over a FGF23 '''' chip. FIG. 3G shows a represen 
tative SPR sensorgram illustrating no inhibition by 
FGF21 of FGFR1c-Klotho binding to FGF23?' 
immobilized on abiosensor chip. FGF21''' and FGFR1c 
Klotho complex were mixed at molar ratios of 6:1 and 10:1, 
and the mixtures were passed over a FGF23 chip. FIG. 3H 
shows inhibition by FGF23 '''' of FGFR-Klotho binding 
to FGF23 using a co-immunoprecipitation based com 
petition assay. Cognate FGFRs of FGF23 were co-immuno 
precipitated with Klotho from lysates of a HEK293 cell line 
stably expressing Klotho (IP) Immunoprecipitated binary 
FGFR-Klotho complexes were incubated with either 
FGF23 '''' or FGF23 alone, or with mixtures of 
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FGF23 with increasing FGF23'''', and subsequently 
analyzed for bound FGF23 protein(s). A 76-fold molar excess 
of FGF23 '''' completely blocked binding of FGF23 
to the FGFR-Klotho complex. Consistent with the data shown 
in FIGS. 2A-D, FGF23 '''' alone co-precipitated with each 
of the three binary FGFR-Klotho complexes (first lane of 
each immunoblot). The sequences of FGF23 '''', 
FGF23, and FGF23 are listed in Table 1. 

FIGS. 4A-D show that the FGF23 C-terminal tail peptide 
does not interfere with binary complex formation between 
|BKlotho and FGF19/FGF21, nor does it interfere with ternary 
complex formation between BKlotho, FGFR, and FGF19/ 
FGF21. FIG. 4A shows a representative SPR sensorgram 
illustrating no inhibition by FGF23 '''' of BKlotho binding 
to FGF19°' immobilized on a biosensor chip. 
FGF23'''' and BKlotho were mixed at a molar ratio of 2:1, 
and the mixture was passed over a FGF19 chip. FIG. 4B 
shows a representative SPR sensorgram illustrating no inhi 
bition by FGF23'-' of BKlotho binding to FGF21?-? 
immobilized on a biosensor chip. FGF23 '''' and BKlotho 
were mixed at a molar ratio of 2:1, and the mixture was passed 
over a FGF21 chip. FIG. 4C shows a representative SPR 
sensorgram illustrating no inhibition by FGF23 '''' of 
FGFR1c-3Klotho binding to FGF19°' immobilized on a 
biosensor chip. FGF23'''' and FGFR1c-3Klotho complex 
were mixed at a molar ratio of 10:1, and the mixture was 
passed over a FGF19 chip. FIG. 4D shows a representative 
SPR sensorgram illustrating no inhibition by FGF23 '''' of 
FGFR1c-3Klotho binding to FGF21’’ immobilized on a 
biosensor chip. FGF23 '''' and FGFR1c-3Klotho complex 
were mixed at a molar ratio of 10:1, and the mixture was 
passed over a FGF21 chip. 

FIGS. 5A-C show that residues S180 to T200 of the C-ter 
minal tail of FGF23 comprise the minimal binding epitope for 
the FGFR-K complex. FIG. 5A shows that FGF23?-? 
induces tyrosine phosphorylation of FRS2C. and downstream 
activation of MAP kinase cascade. Shown is an immunoblot 
analysis for phosphorylation of FRS2C. (pFRS2O.) and 44/42 
MAP kinase (p44/42 MAPK) in a CHO Klotho 
cell line, which had been stimulated with either FGF23?' 
or '''. Numbers above the 1" sive the amounts of 
pro" “ded in nM. To control for equal sample loading, the 
protein blots "' robed with antibodies to non-phosphory 
lated “MAP kinase (44/42 MAPK) and Klotho. FIG. 5B 
shows that FGF23' exhibits phosphaturic activity. 
FGF23?? and FGF23°299 were injected C57BL/6 
mice, and serum levels of phosphat 'm P) w” “sured 
befor" after FGF23 protein injection. Bars and error bars 
denote meaniSE. An asterisk indicates P-0.05 by ANOVA. 
FIG. 5C shows that FGF23''' the minimal binding 
epitope for the FGFR-Klotho complex—competes with 
FGF23 for binding to FGFR-Klotho. Cognate FGFRs of 
FGF23 were co-immunoprecipitated with Klotho from 
lysates of a HEK293 cell line stably expressing Klotho (IP). 
Immunoprecipitated binary FGFR-Klotho complexes were 
incubated with either FGF23'' alone or mixtures of 
FGF23 with increasing FGF23''', and subsequently 
analyzed for bound FGF23 protein(s). The FGF23 '''pep 
tide inhibited co-precipitation of FGF23?' with each of 
the three binary FGFR-Klotho complexes in a dose-depen 
dent fashion, albeit with over 100-fold reduced potency com 
pared to the FGF23 '''' peptide (FIG.3H). The sequences 
of FGF2380-25, FGF2389-205, and FGF2328-25 are listed in 
Table 1. 

FIGS. 6A-C show that FGF23 C-terminal peptides impair 
ternary complex formation between FGF23, Klotho, and 
FGFR, and specifically block FGF23 signaling. FIG. 6A 
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8 
shows that FGF23 '''' inhibits tyrosine phosphorylation of 
FRS2C. and downstream activation of MAP kinase cascade 
induced by FGF23 ''. Shown is an immunoblot analysis 
for phosphorylation of FRS2C. (pFRS2C) and 44/42 MAP 
kinase (p44/42 MAPK) in a HEK293 Klotho cell line, which 
had been stimulated with FGF proteins/peptide as denoted in 
the figure. Numbers above the lanes give the amounts of 
protein/peptide added in nM. To control for equal sample 
loading, the protein blots were probed with an antibody to 
Klotho. FIG. 6B shows that FGF23''' inhibits tyrosine 
phosphorylation of FRS2C. and downstream activation of 
MAP kinase cascade induced by FGF23°. Shown is an 
immunoblot analysis for phosphorylation of FRS2C. 
(pFRS2C) and 44/42 MAP kinase (p44/42 MAPK) in a 
HEK293 Klotho cell line, which had been stimulated with 
either FGF239-29 alone or mixtures of FGF23?? with 
increasing FGF23 '''. Numbers above the lanes give the 
amounts of peptide added in LM. To control for equal sample 
loading, the protein blots were probed with an antibody to 
non-phosphorylated 44/42 MAP kinase (44/42 MAPK). FIG. 
6C shows that FGF23 '''' fails to inhibit tyrosine phospho 
rylation of FRS2C. and downstream activation of MAP kinase 
cascade induced by FGF2. Shown is an immunoblot analysis 
for phosphorylation of FRS2C. (pFRS2C) and 44/42 MAP 
kinase (p44/42 MAPK) in a HEK293 Klotho cell line, which 
had been stimulated with either FGF2 alone or mixtures of 
FGF2 with increasing FGF23 ''''. Numbers above the 
lanes give the amounts of peptide added in nM. To control for 
equal sample loading, the protein blots were probed with an 
antibody to Klotho. The sequences of FGF23 '''', 
FGF23 '''', and FGF23 are listed in Table 1. 

FIGS. 7A-B show that FGF23 C-terminal peptides antago 
nize the inhibitory effect of FGF23 on sodium-coupled phos 
phate uptake. Opossum kidney OKP cells were stimulated 
with either FGF2328-25 or FGF2380-21 or FGF2380-20 
alone, or mixtures of FGF23° with either increasing 
FGF23'-' (FIG. 7A) or increasing FGF23'-' (FIG. 
7B). After 4h cell stimulation, sodium-dependent phosphate 
uptake was measured. Bars and error bars denote meantSE. 
Anasterisk indicates P<0.05 by ANOVA. 

FIG. 8 shows that the FGF23 C-terminal tail peptide 
antagonizes phosphaturic activity of FGF23 in vivo. 
FGF23 (0.1 ug kg body weight') or FGF23'-' (0.1 
ug kg body weight') were injected IV into Sprague-Dawley 
rats. Serum and urine parameters were measured and calcu 
lated before and 3 hafter injection. FEP, fractional excretion 
of phosphate; UV: phosphate excretion rate; Cl: creati 
nine clearance. 

FIGS. 9A-C show that the FGF23 C-terminal tail peptide 
inhibits the ability of FGF23 to down-regulate the expression 
of the type II sodium-coupled phosphate transporters NaP 
2A and NaP-2C in the apical brush border membrane. Spra 
gue-Dawley rats were given IV FGF23 '' (0.1 ug kg body 
weight'), FGF23 '''' (0.1 ug kg body weight'), or 
vehicle, and renal tissue was isolated 3 hpost injection. FIG. 
9A shows representative images of cryosections of renal tis 
Sue processed for NaP-2A immunostaining and B-actin stain 
ing. FIGS.9B-C show NaP-2A (FIG.9B) and NaP-2C (FIG. 
9C) protein abundance in renal cortex tissue (cortex) and 
isolated brush border membrane vesicles (BBMV). Equal 
amounts of protein were separated by SDS-PAGE and probed 
for either NaP-2A or NaP-2C, and 3-actin by immunoblot. 
Representative protein blots with tissues from 6 rats are 
shown in the upper panels of each figure part. Summarized 
data of renal tissue samples from 12 rats are presented in the 
bottom panels. Bars and error bars are meant-SE. Anasterisk 
denotes P-0.05 by ANOVA. 
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FIG. 10 shows that FGF23 C-terminal peptides alleviate 
renal phosphate wasting in Hyp mice. FGF23 '''' (1 mg), 
FGF23 '''' (860 ug), or vehicle were injected IP into Hyp 
mice. Urine phosphate (urinary P) and creatinine levels and 
serum phosphate levels (serum P.) were measured before and 5 
at the indicated time points after the injection. Urinary P, of 
Hyp mice treated with FGF23''' was not determined 
(ND). Bars and error bars are meant-SE. An asterisk denotes 
P<0.05 by ANOVA, two asterisks denote P-0.01. 

10 
DETAILED DESCRIPTION OF THE INVENTION 

A first aspect of the present invention relates to a method of 
treating hypophosphatemia in a Subject. This method 
involves selecting a Subject with hypophosphatemia associ- 15 
ated with elevated or normal FGF23 levels and administering 
to the selected subject an inhibitor of FGF23-Klotho-FGF 
receptor complex formation under conditions effective to 
treat the hypophosphatemia. 
As described by Goetz et al. (Goetz et al., “Molecular 20 

Insights into the Klotho-Dependent, Endocrine Mode of 
Action of Fibroblast Growth Factor 19 Subfamily Members.” 
Mol Cell Biol 3417-3428 (2007), which is hereby incorpo 
rated by reference in its entirety), the mammalian fibroblast 
growth factor (FGF) family comprises 18 polypeptides 25 
(FGF1 to FGF10 and FGF16 to FGF23), which participate in 
a myriad of biological processes during embryo genesis, 
including but not limited to gastrulation, body plan forma 
tion, somitogenesis, and morphogenesis of essentially every 
tissue/organ Such as limb, lung, brain, and kidney (Bottcher et 30 
al., “Fibroblast Growth Factor Signaling During Early Verte 
brate Development Endocr Rev 26:63-77 (2005), and 
Thisse et al., “Functions and Regulations of Fibroblast 
Growth Factor Signaling During Embryonic Development.” 
Dev Biol. 287:390-402 (2005), which are hereby incorporated 35 
by reference in their entirety). 
FGFs execute their biological actions by binding to, dimer 

izing, and activating FGF receptor (FGFR) tyrosine kinases, 
which are encoded by four distinct genes (Fgfr1 to Fgfr4). 
Prototypical FGFRs consist of an extracellular domain com- 40 
posed of three immunoglobulin-like domains, a single-pass 
transmembrane domain, and an intracellular domain respon 
sible for the tyrosine kinase activity (Mohammadi et al., 
“Structural Basis for Fibroblast Growth Factor Receptor Acti 
vation.” Cytokine Growth Factor Rev 16:107-137 (2005), 45 
which is hereby incorporated by reference in its entirety). 
FGF23 is a gene cloned by Itoh et al. at Kyoto University 

(WO 01/66596 to Itoh et al., which is hereby incorporated by 
reference in its entirety). FGF23 mRNA is expressed mainly 
in the brain, preferentially in the ventrolateral thalamic 50 
nucleus. It is also expressed in the thymus at low levels 
(Yamashita et al., “Identification of a Novel Fibroblast 
Growth Factor, FGF-23, Preferentially Expressed in the Ven 
trolateral Thalamic Nucleus of the Brain.” Biochem Biophys 
Res Comm 277(2):494-498 (2000), which is hereby incorpo 

10 
rated by reference in its entirety). The tissue with the highest 
level of FGF23 expression is bone (osteocytes and osteo 
blasts), where it is highly expressed during phases of active 
bone remodeling (Riminucci et al., “FGF-23 in Fibrous Dys 
plasia of Bone and its Relationship to Renal Phosphate Wast 
ing.” JClin Invest 112:683-692 (2003), which is hereby incor 
porated by reference in its entirety). Expression of FGF23 in 
dendritic cells has also been reported (Katoh et al., “Com 
parative Genomics on Mammalian Fgfö-Fgf23 Locus.” IntJ 
Mol Med 16(2):355-358 (2005), which is hereby incorpo 
rated by reference in its entirety). See also Zhang et al., 
“Receptor Specificity of the Fibroblast Growth Factor Fam 
ily.” J Biol Chem 281 (23):15694-15700; Yu et al., “Analysis 
of the Biochemical Mechanisms for the Endocrine Actions of 
Fibroblast Growth Factor-23,' Endocrinology 146(11):4647 
4656, which are hereby incorporated by reference in their 
entirety. 
The number of principal FGFRs is increased from four to 

seven due to a major tissue-specific alternative splicing event 
in the second half of the immunoglobulin-like domain 3 of 
FGFR1 to FGFR3, which creates epithelial lineage-specific b 
and mesenchymal lineage-specific c isoforms (Mohammadi 
et al., “Structural Basis for Fibroblast Growth Factor Recep 
tor Activation.” Cytokine Growth Factor Rev 16:107-137 
(2005) and Ornitz et al., “Fibroblast Growth Factors.” 
Genome Biol. 2(3):reviews3005.1-reviews3005.12 (2001), 
which are hereby incorporated by reference in their entirety). 
Generally, the receptor-binding specificity of FGFs is divided 
along this major alternative splicing of receptors whereby 
FGFRb-interacting FGFs are produced by epithelial cells 
(Ornitz et al., “Fibroblast Growth Factors. Genome Biol 
2(3):reviews3005.1-reviews3005.12 (2001), which is hereby 
incorporated by reference in its entirety). These reciprocal 
expression patterns of FGFs and FGFRs result in the estab 
lishment of a paracrine epithelial-mesenchymal signaling 
which is essential for proper organogenesis and patterning 
during development as well as tissue homeostasis in the adult 
organism. 

Based on phylogeny and sequence identity, FGFs are 
grouped into seven subfamilies (Ornitz et al., “Fibroblast 
Growth Factors.” Genome Biol. 2(3):reviews3005.1-re 
views3005.12 (2001), which is hereby incorporated by refer 
ence in its entirety). The FGF core homology domain (ap 
proximately 120 amino acids long) is flanked by N- and 
C-terminal sequences that are highly variable in both length 
and primary sequence, particularly among different FGF Sub 
families. The core region of FGF19 shares the highest 
sequence identity with FGF21 (38%) and FGF23 (36%), and 
therefore, these ligands are considered to form a subfamily. 
The nucleic acid and amino acid sequences for homo sapi 

ens (human) FGF23 may be found using the following refer 
ence sequence ID number on GenBank, NM 020638. The 
human FGF23 gene coding sequence (1-251) has a nucleotide 
sequence of SEQID NO: 2 as follows: 

cggcaaaaag gagggaatcc agtic taggat cct cacacca gct acttgca agggagaagg 

aaaaggc.cag talaggcctgg gC caggagag toccgacagg agtgtcaggt ttcaatctica 

gcaccagc.ca ct cagagcag ggcacgatgt tdggggc.ccg cct caggctic tiggtctgtg 

cc ttgttgcag cqtctgcago atgagcgtcc ticagagccta t cocaatgcc ticciccactgc 

toggct coag ctggggtggc ctgatccacci ttacacago CacagcCagg alacagctacc 

acctgcagat coacaagaat ggcc atgtgg atggcgcacc ccatcagacic atctacagtg 





tgtttaaaat 

acttaaaag.c 

atccagagaa 

to Catt Cata 

caat attgga 

As described above, reference sequence ID number on 
Genbank NM 020638 shows the nucleotide sequence for 
human FGF23 (i.e. SEQID NO:2) encodes a protein with the 

aaaaataaaa. 

atgtcggaat 

ggcaaaattg 

aggagactica 

tittctggit 
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tittat citcag cittctgttag cittatcc tict ttgtag tact 

ataagaataa aaaggattat gggaggggala Cattagggaa 

aaaaaaagat tittagaattt taaaattitt c aaagatttct 

atgattittaa ttgat citaga cagaattatt taagtttitat 

amino acid sequence of SEQID NO:3 as follows: 

mlgarlrl Wvcalcsvcsmsvlraypnaspillgs swgglihly tata 

rnsyhlqihikinghvdgaphotiysalmir sedagfvvitgvmsrryl 

cmdfirgnific shyfopencirfighqtlengydvyhspoyhflvslgra 

kiraflpgmnpppy sqflSrrneiplihfntpipirrhtrisaedd serd 

gaatctagoc 

cagcaagggc 

gctgtgcaat 

gCttgggcac 

gcct gaccca 

atggtcatgt 

aggacgc.cgg 

to cacggcaa. 

ggacgctgga 

tgggcc.gc.gc 

tggctcgcag 

cgc.gcagcgc 

gcgc.cacgc.c 

cc.gcagc.cag 

cgggaggcgc 

gcgt.ccgc.ct 

aggatgtctg 

ggcaccgcta 

totcagcacc 

CacatcCaca 

accc caacag 

agacacttgg 

gaggaaagag 

attctgggat 

agtcgaagaa 

10 

- Continued 
plnvilkprairmtpapascsqelp Saedinspnmasdplgv virggrwinth 

aggtgpeg Crpfakfi 

1s. Furthermore, Luethy et al. have cloned the FGF23 gene to 
produce a transgenic mouse that expresses the gene, and 
analyzed the phenotype of the mouse (WO 01/61007 to 
Luethy et al., which is hereby incorporated by reference in its 
entirety). See also U.S. Patent Application Publication No. 
20050106755 to Zahradnik et al., which is hereby incorpo 
rated by reference in its entirety). 
The nucleic acid and amino acid sequences for the Mus 

musculus (mouse) FGF23 may be found at GenBank, 
NM 022657. The mouse FGF23 gene coding sequence has a 
nucleotide sequence SEQID NO. 4 as follows: 

Caggat.cccc acct cagttct cagct tctt CCtaggaaga agagaaaggc 

ccagoctdtc tdggagtgtc. agatttcaaa ct cago atta gcc acticagt 

gctagggacc ticcittagac toctggtggg C9tgct ctgc actgtctgca 

tgctagagcc tatccggaca Cttic cc catt gcttggct Co aactggggaa 

Cctgtacacg gctacago Caggaccagota t cacct acag atcCataggg 

agatggcacc ccc.cat caga ccatctacag togc cct gatg attacatcag 

Ctctgtggtg at aacaggag ccatgactic alaggttcCtt totatggatc 

catttittgga togctt cact t cagcc caga gaattgcaag titcc.gc.cagt 

gaatggct at gacgt.ctact titcgcagaa gcatcactac Ctggtgagcc 

caag.cgcatc titccagc.cgg gcacca accc gcc.gcc ctitc. tcc cagttcc 

galacgagg to cogctgctgc atttct acac titt.cgc.cca C9gcgc.caca 

cgaggaccca ccggagcgcg acccactgaa cqtgct caag cc.gcggcc cc 

tgtgcCtgta to ctgctic to go.gagctgcc gagcgcagag galaggtggcc 

CgatCctctg. gigggtgctgc gcagaggcc.g. tigagatgct C9C9gggg.cg 

ggataggtgt CCC cctitt C C Caggttcgt. Ctaggit cocc aggcCaggct 

cc at CCtcca gtcggttcag cccacgtaga ggaaggacta ggg tacct cq 

cittct citc.cc titcc ctatgg gcct gagagt cacctg.cgag gttccago ca 

tt Cagaatta agagccaacg gtgggaggct ggagaggtgg cqCagacagt 

cacaaatacc totaatticta gctic cagggg aatctgtact cacacacaca 

cacacacaca cacacataca totaattitta aatgttaatc tdatttaaag 

gtaalactaga cacgaagctic tttittattitt attt tactaa caggtaaacc 

cc tittattag ccgggit ct ct togcctago at tittaatcgat cagttagcac 

tt cacgc.ctt galacacaggg aagaggc.cat citctgcagot totagttact 

to acgggtgt ttgagtttga gcaccittgac cittaatgtct t cact aggca 

agacgc.gc at ttct tctictt taagagc tittggattgg C9ggaggctg 
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- Continued 

gtgcaa.catt atgattaatc tdattataca ccatttittga gcagat cittg 

catgacctitt coctagagaa taaggatgaa ataat cactic attctatgaa 

actittctatt ctittagctgt actgtaattt ctittgagttgatagittttac 

taggttcaaa agcaatctgg totgaataac actggatttgtttctgtgat 

tattittatgt ttittgctgct acttctgtgg aagtagctitt gaactag titt 

titt cacgctgaaacatgcta gtgat atcta gaaagggcta attaggit ct c 

gcc.ccittaaa taagtc.ttgc tigattitt cag acagggaagt citctic tatta 

gttittataga taagt caata ttgtat cagg caagataaac caatgtcata 

c caacct cac togacacaggg toatagtgta taataatata citg tactata 

t ctittagagg tatgatttitt to atgaaaga taagcttittg gtaat attca 

gact tattaa aattggatgc tagagaatca agtttattitt atgtatatat 

ataagagtaa tatatgttca ttgtaaaaat ttittaaaa.ca cagaaactat 

aaaataaaaa ttatctataa tot cagaacc cagaaatago cact attaac 

tattittattt tacatagatc at attgtata tagttagtat ctittattaat 

aaactitt cct ttgtcatt at tagt cittcaa aag catgatt tittaatagitt 

ccaccacagg aatgitat cac aacttaac cq t t c cc.gtttgttagact agt 

tgttgatgaa tdttgtttaa aaataattitt gttgctacat titactittaat 

gtaaagagaa gtaattittgc ticcittgataa agt attatat taataataaa 

acttitttgcc ttcttt cata atcataaaaa aa 

As described above, reference sequence ID number on 
Genbank NM 004795 shows the nucleotide sequence for 35 
human Klotho (i.e. SEQID NO: 6) encodes a protein with the 
amino acid sequence of SEQID NO: 7 as follows: 

disrnasilplgap splopatgdvasd synnwfrotealreligvthyrf 40 

Siswarvlpngsagvpnreglryyirrillerlreligvop v.vtlyhwdl 

pgrlqdayggwaniraladhfroyaelic frhfggqvkyWitidnpyviv 

awhgyatgirlap girgsprlgylvahnlillahakv whlynts frpto 45 

ggqvisial sshwinprrmtdhsilkecqksldfvlgwfakp viidgdy 

pesmkinnlissilpdftesekkfikgtadffalcfgptls follophm 

kfirclespnl rolls widlefnhpcifivengwfvsgttkirddakym 50 

yylkkfimetlikaiklogvolvigytawslmdg fewhrgys irrglfy 

vdfl sq.dkmillipks sailfyokliekingfpplpenciplegtfpcdfaw 

gvvdnyiqvdttlsoftdlnvylwdvhhskirlikvdgvvtkkrksyc 55 

vdfaaiqpqiallgemhvthfrf sldwalilplgnosqvnihtildyy 

rcmaselvrvinitpV valwg.pmapndglprllardgawenpytalaf 

aeyarl cfqelghhvklWitmnepytrnmtysaghnillkahalawhv 
60 

ynek frhaqngkisialqadWiepacpfsqkdkevaervliefdigwl 

aepifdsgdypwVmrdwlingrinnfillpyftedekkliqgtfoliflails 

hyttilvdsekedpikyndylevoemtiditwilnspSqvavvpwglrk 
65 

vlnwilkfkygdlpmyiisingiddglhaeddglrvyymony inealka 
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gaatgaatga 

cagtgacact 

aaatt Cittaa. 

Ctctgaggit c 

tactittgaac 

atcCtttaat 

Cactggagct 

acaggcattg 

taatlatlatca 

ttittaaagtg 

tttitctgatt 

atgcaaagaa 

atttic ctacg 

ttittatt atg 

gttgagtatt 

ttctt attaa. 

titccttgact 

tctgcctgca 

- Continued 

hildginlcgyfays findir tapirfglyryaadqfepka smkhyrkii 

disngfpgpetlerfcpeeftvctecs ffhtrksllafiaflffasii 

sl slifyy skkgrrsyk 

The Klotho gene encodes a 130-kDa single-pass trans 
membrane protein with a short cytoplasmic domain (10 
amino acids) and is expressed predominantly in the kidney 
(Matsumara et al., “Identification of the human klotho gene 
and its two transcripts encoding membrane and secreted 
klotho protein. Biochem Biophy's Res Commun 242(3):626 
630 (1998), which is hereby incorporated by reference in its 
entirety). In addition to the membrane-bound isoform of 
Klotho, alternative splicing and proteolytic cleavage give rise 
to two soluble isoforms of Klotho found in the circulation 
(Imura et al., “Secreted Klotho protein in sera and CSF: 
implication for post-translational cleavage in release of 
Klotho protein from cell membrane.” FEBS Lett 565(1-3): 
143-147 (2004); Kurosu et al., “Suppression of aging in mice 
by the hormone Klotho.” Science 309(5742):1829-1833 
(2005); Matsumura et al., “Identification of the human klotho 
gene and its two transcripts encoding membrane and secreted 
klotho protein. Biochem Biophy's Res Commun 242(3):626 
630 (1998); Shiraki-Iida et al., “Structure of the mouseklotho 
gene and its two transcripts encoding membrane and secreted 
protein.” FEBS Let 424(1-2):6-10 (1998), which are hereby 
incorporated by reference in their entirety). Mice carrying a 
loss-of-function mutation in the Klotho gene develop a syn 
drome resembling human aging, including shortened life 
span, skin atrophy, muscle atrophy, osteoporosis, arterioscle 
rosis, and pulmonary emphysema (Kuro-oet al., “Mutation of 
the Mouse Klotho Gene Leads to a Syndrome Resembling 
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- Continued 
ggttgggctg. g.ggagggggc acctacctag gaatagcCac giggtagagc 

aagaggaaag Caagggcgcg gttgct cacg cct gtaatcc cagcactittg 

gtgggcagat cactt Caggit Caggagtttg agaccagcct ggcca actta 

atct ctacta aaaatgcaaa aattatccag goatggtggc acacgc.ctgt 

ccacaggagg Ctgaggcaga at CCCttgaa gotgggaggc ggaggttgca 

attgcgc.cat to act coag cctgggcaac agagaaaa.ca aaaaggaaaa 

aggit ctgcag aaactgaaac C caga catgt gtctgcc.ccc tictatgtggg 

Ccagtgct tc taagtgcagg agaacatgtc. acctgaggct agttittgcat 

ggctitcgttt cittgttggta togcct cocca gatcgt.cctt cotgitat coa 

ctgt atttgttgggactgtc gcagatcttg gcttcttaca gttct tcctg 

atcCtgtc.cc ticaggaacgg ggggaaaatt Ctc.cgaatgt ttittggttitt 

ggaatt tact tctgccacct gctggtcatc actgtcc to a citaagtggat 

cc.gtacct ca tdgctcaaac taccactic ct cagtc.gctat attaaagctt 

ggattact.gc taaatacaaa agaaagttca atatgtttitc atttctgtag 

attgctgctt taaatttctg agctagggat tttittggcag ctgcagtgtt 

gtaaaattct citttgtttct citctgtaaat agcacctgct aac attacaa 

tgtttaaaga aggcatcatt tdtgaacag alactaggaaa taatttitta 

gcatttgctt tag accgca Caggagtgtc titt CCttgta aaa.ca.gtgat 

gccttggc cc taccttgaag caatgttgttg tdaagggatg aagaatctaa 

aagt ccttgg gagaggtgct agaaaaat at aaggcactat cataattaca 

tgctgttact act caaatca cccacaaatt tocccaaaga citgcgctago 

aaga cagtga aattgacctgaaaaaaaaaa aaaaaaa 

As described above, reference sequence ID number on 
Genbank NM 023110 shows the nucleotide sequence for 
human FGFR1, transcript variant 1 (i.e. SEQ ID NO: 8) 40 
encodes a protein with the amino acid sequence of SEQ ID 
NO:9 as follows: 

mwswkcillfwavlvtatic tarp sptlpeqaqpwgap veves flvhp 45 

gdillclircrlrddvosinwlrdgvolaesnrtritgeevevoidsvpa 

disglyacvts spsgsdttyfsvnvsdalps Seddddddds sseeket 

dntkpnirmpvapywtspekmekklhavpaaktvkfkcps Sgtpnptl 50 

rwilkingkefkpdhriggykviryatwsi.imdsvvpsdkgnytcivene 

ygs inhtygldvversphirpilgaglpanktvalg snvefnckvysd 

pophiqwlkhieving skigpdnlpyvgilktagvnt tokemevlhlr 55 

nvsfedageytclagnsiglishhsawltvlealeerpavmtsplyle 

iiiyctgaflis Cmvg.svivykmksgtkksdfhsqmavhklaksipl 

rrdvtv sadissa Smnsgvillvirpsirls SSgtpmlagvseyelpedpr 60 

Welprdrillvilgkplgegcfgqv Vlaeaigldkdkpnirvitkvavkmlk 

sdatekdlsdlisememmkmigkhkniinllgactodgply viveya 

skgnlreylgarirppgley cynpshnpeeqlsskolvscayqvargn 
65 

eylaskkcihrdilaarnvlvtednvmkiadfglardihhidyykktt 
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tacagtgatt 

gga caccgag 

gtgaaac ccc 

aatcc cagot 

gtgagcc.gag 

caaatgatga 

Catggittittg 

t caggtocct 

tgttgaccaga 

to caaactic C 

ttggctgctt 

tctggct coc 

at attittgct 

ggaaaatggg 

ggcgact att 

tttgt attta 

gct cittaaaa 

gataatttct 

aagt citt cat 

gtgatgtc.ct 

tgtcaaataa 

- Continued 

ngrlpwkwmapealfdriythgsdvw.sfgvillweiftlggspypgvp 

veelfkillkeghrmdkp snctnely mmmrdcwhavpsgrptfkolve 

dl drivaltsingeyldil Smplodyspsfpdtrs sticssged svfshe 

plpeep cliprhpaqlangglkirr 

The protein encoded by this FGFR1, transcript variant 1 
gene is a member of the fibroblast growth factor receptor 
(FGFR) family, where amino acid sequences are highly con 
served between members and throughout evolution. FGFR 
family members differ from one another in their ligandaffini 
ties and tissue distribution. A full-length representative pro 
tein consists of an extracellular region, composed of three 
immunoglobulin-like domains, a single hydrophobic mem 
brane-spanning segment, and a cytoplasmic tyrosine kinase 
domain. The extracellular portion of the protein interacts with 
fibroblast growth factors, setting in motion a cascade of 
downstream signals, ultimately influencing mitogenesis and 
differentiation. This particular family member binds both 
acidic and basic fibroblast growth factors and is involved in 
limb induction. Mutations in this gene have been associated 
with Pfeiffer syndrome, Jackson-Weiss syndrome, Antley 
Bixler syndrome, osteoglophonic dysplasia, and autosomal 
dominant Kallmann syndrome. See Itohet al., “The Complete 
Amino Acid Sequence of the Shorter Form of Human Basic 
Fibroblast Growth Factor Receptor Deduced from its cDNA.” 
Biochem Biophy's Res Commun 169(2): 680-685 (1990); 
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Dode et al., “Kallmann Syndrome: Fibroblast Growth Factor 
Signaling Insufficiency?” J Mol Med 82(11):725-34 (2004); 
Coumoul et al., “Roles of FGF Receptors in Mammalian 
Development and Congenital Diseases.” Birth Defects Res C 
Embryo Today 69(4):286-304 (2003), which are hereby 
incorporated by reference in their entirety. Alternatively, 
spliced variants which encode different protein isoforms have 
been described; however, not all variants have been fully 
characterized. 
The nucleic acid and amino acid sequences for FGFR1 

variants 2-6 may be found using the following reference 
sequence ID numbers on GenBank: FGFR1, transcript vari 
ant 2 (NM 015850), FGFR1, transcript variant 3 (NM 
023105), FGFR1, transcript variant 4 (NM 023106), 
FGFR1, transcript variant 5 (NM 023107), FGFR1, tran 
script variant 6 (NM 023108), and FGFR1, transcript vari 
ant 9, (NM 023111). These sequences are hereby incorpo 
rated by reference in their entirety. 

Hypophosphatemia may be due to renal phosphate wasting 
(such as, autosomal dominant hypophosphatemic rickets 
(ADHR), X-linked hypophosphatemia (XLH), autosomal 
recessive hypophosphatemic rickets (ARHR), fibrous dyspla 
sia (FD), McCune-Albright syndrome complicated by fibrous 
dysplasia (MAS/FD), Jansen's metaphyseal chondrodyspla 
sia (Jansen’s Syndrome), autosomal dominant polycystic 
kidney disease (ADPKD), tumor-induced osteomalacia 
(TIO), and chronic metabolic acidosis), other inherited or 
acquired renal phosphate wasting disorders, alcoholic and 
diabetic ketoacidosis, acute asthma, chronic obstructive pull 
monary disease (COPD), drug treatment of COPD, sepsis, 
recovery from organ (in particular, kidney) transplantation, 
parenteral iron administration, salicylate intoxication, severe 
trauma, chronic treatment with Sucralfate and/or antacids, 
mechanical ventilation, eating disorder (such as, anorexia 
nervosa and bulimia nervosa), or the refeeding syndrome. 

For each method, Klotho can have a nucleotide sequence of 
SEQ ID NO:6 and the FGF23 may have a nucleotide 
sequence of SEQID NO:2. 

Administration of the inhibitor of FGF23-Klotho-FGF 
receptor complex formation may be carried out orally, 
parenterally, Subcutaneously, intravenously, intramuscularly, 
intraperitoneally, by intranasal instillation, by implantation, 
by intracavitary or intravesical instillation, intraocularly, 
intraarterially, intralesionally, transdermally, or by applica 
tion to mucous membranes. The inhibitor may be adminis 
tered with a pharmaceutically-acceptable carrier. 

For the purpose of the present invention the following 
terms are defined below. 

The term “hypophosphatemia' refers to serum phosphate 
concentration below the normal range of 2.2 to 4.9 mg/dl 
(Dwyer et al., “Severe hypophosphatemia in postoperative 
patients.” Nutr Clin Pract 7(6):279-283 (1992); Alon et al., 
“Calcimimetics as an adjuvant treatment for familial hypo 
phosphatemic rickets. Clin JAm Soc Nephrol 3(3):658-664 
(2008), which are hereby incorporated by reference in their 
entirety). 
The term “renal phosphate wasting refers to an inherited 

or acquired condition in which renal tubular reabsorption of 
phosphate is impaired. 
The term “disease' or “disorder is used interchangeably 

herein, and refers to any alteration in state of the body or of 
Some of the organs, interrupting or disturbing the perfor 
mance of the functions and/or causing symptoms such as 
discomfort, dysfunction, distress, or even death to the person 
afflicted or those in contact with a person. A disease or dis 
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28 
order can also relate to a distemper, ailing, ailment, malady, 
disorder, sickness, illness, complaint, inderdisposion, or 
affectation. 
The terms “treat”, “treating, “treatment” and the like are 

used interchangeably herein and mean obtaining a desired 
pharmacological and/or physiological effect. The effect may 
be prophylactic interms of completely or partially preventing 
a disease or symptom thereof and/or may be therapeutic in 
terms of partially or completely curing a disease and/or 
adverse effect attributed the disease. “Treating” as used 
herein covers treating a disease in a vertebrate and particu 
larly a mammal and most particularly a human, and includes: 
(a) preventing the disease from occurring in a Subject which 
may be predisposed to the disease but has not yet been diag 
nosed as having it; (b) inhibiting the disease, i.e. arresting its 
development; or (c) relieving the disease, i.e. causing regres 
sion of the disease. 
A “subject' can be any mammal, particularly farm animals, 

mammalian pets, and humans. 
The inhibitor used to treat hypophosphatemia may be the 

C-terminal tail peptide of FGF23. The C-terminal tail peptide 
of FGF23 has an amino acid sequence of SEQID NO:11 or 
SEQID NO:12. 
The sequences of FGF23 '''', FGF23 '''', and 

FGF23 are listed in Table 1. 

TABLE 1. 

Schematic representation of the 
structure of FGF23 fractments 

Name of 
Peptide Amino Acid Sequence 

FGF2328-251 asp llgs swggli hlytatarns yhlqihikingh 
(SEQ ID NO: 1.O) v.dgaphotiy salmir seda gifvvitgvms 

Irryl Cmdfrg nifdshyfop encrfohctl 
engyovyhsp qyhflvslgr akiraflpgmn 
pppy sqfl. Sir rneiplihfn tpipirrhtr 
Saeddserdpl invillkprairmt papascsqel 
psaedinspnma scplgv Virgg rvnthaggtg 
pegorpfakfi 

FGF23 180-251 is aedd serdpl invlkprairmt papascsqel 
(SEQ ID NO : 11) psaedinspnma scplgvwrigg rvnthaggtg 

pegorpfakf i 

FGF23 180-205 
(SEQ ID NO: 

is aedd serdpl invlkprairmt papas 
12) 

The invention is particularly directed toward targeting 
FGF23-Klotho-FGF receptor complex formation which 
makes it possible to treat patients which have experienced 
hypophosphatemia associated with elevated or normal 
FGF23 levels or which would be expected to experience 
hypophosphatemia associated with elevated or normal 
FGF23 levels and thus is particularly directed towards pre 
venting, inhibiting, or relieving the effects of hypophos 
phatemia. A subject is “treated provided the subject experi 
ences atherapeutically detectable and beneficial effect, which 
may be measured based on a variety of different criteria 
generally understood by those skilled in the art to be desirable 
with respect to the treatment of diseases related to hypophos 
phatemia. 
The compounds of the present invention can be adminis 

tered alone or with Suitable pharmaceutical carriers, and can 
be in Solid or liquid form Such as, tablets, capsules, powders, 
Solutions, Suspensions, or emulsions. 
The active compounds of the present invention may be 

orally administered, for example, with an inert diluent, or 
with an assimilable edible carrier, or they may be enclosed in 
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hard or soft shell capsules, or they may be compressed into 
tablets, or they may be incorporated directly with the food of 
the diet. For oral therapeutic administration, these active 
compounds may be incorporated with excipients and used in 
the form of tablets, capsules, elixirs, Suspensions, syrups, and 
the like. Such compositions and preparations should contain 
at least 0.1% of active compound. The percentage of the 
compound in these compositions may, of course, be varied 
and may conveniently be between about 2% to about 60% of 
the weight of the unit. The amount of active compound in Such 
therapeutically useful compositions is such that a suitable 
dosage will be obtained. Preferred compositions according to 
the present invention are prepared so that an oral dosage unit 
contains between about 1 and 250 mg of active compound. 
The tablets, capsules, and the like may also containabinder 

Such as gum tragacanth, acacia, corn starch, or gelatin; excipi 
ents such as dicalcium phosphate; a disintegrating agent Such 
as corn Starch, potato starch, alginic acid; a lubricant such as 
magnesium Stearate; and a Sweetening agent such as Sucrose, 
lactose, or saccharin. When the dosage unit form is a capsule, 
it may contain, in addition to materials of the above type, a 
liquid carrier, Such as a fatty oil. 

Various other materials may be present as coatings or to 
modify the physical form of the dosage unit. For instance, 
tablets may be coated with shellac, Sugar, or both. A syrup 
may contain, in addition to active ingredient, Sucrose as a 
Sweetening agent, methyl and propylparabens as preserva 
tives, a dye, and flavoring Such as cherry or orange flavor. 

These active compounds may also be administered 
parenterally. Solutions or Suspensions of these active com 
pounds can be prepared in water Suitably mixed with a Sur 
factant, such as hydroxypropylcellulose. Dispersions can also 
be prepared in glycerol, liquid polyethylene glycols, and mix 
tures thereof in oils. Illustrative oils are those of petroleum, 
animal, vegetable, or synthetic origin, for example, peanut 
oil, soybean oil, or mineral oil. In general, water, Saline, 
aqueous dextrose and related Sugar Solution, and glycols such 
as, propylene glycol or polyethylene glycol, are preferred 
liquid carriers, particularly for injectable solutions. Under 
ordinary conditions of storage and use, these preparations 
contain a preservative to prevent the growth of microorgan 
isms. 
The pharmaceutical forms suitable for injectable use 

include sterile aqueous solutions or dispersions and sterile 
powders for the extemporaneous preparation of sterile inject 
able solutions or dispersions. In all cases, the form must be 
sterile and must be fluid to the extent that easy syringability 
exists. It must be stable under the conditions of manufacture 
and storage and must be preserved against the contaminating 
action of microorganisms, such as bacteria and fungi. The 
carrier can be a solvent or dispersion medium containing, for 
example, water, ethanol, polyol (e.g., glycerol, propylene 
glycol, and liquid polyethylene glycol), Suitable mixtures 
thereof, and vegetable oils. 

The compounds of the present invention may also be 
administered directly to the airways in the form of an aerosol. 
For use as aerosols, the compounds of the present invention in 
Solution or Suspension may be packaged in a pressurized 
aerosol container together with Suitable propellants, for 
example, hydrocarbon propellants like propane, butane, or 
isobutane with conventional adjuvants. The materials of the 
present invention also may be administered in a non-pressur 
ized form Such as in a nebulizer or atomizer. 
The compounds of the present invention may also be 

administered directly to the airways in the form of a dry 
powder. For use as a dry powder, the compounds of the 
present invention may be administered by use of an inhaler. 
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Exemplary inhalers include metered dose inhalers and dry 
powdered inhalers. A metered dose inhaler or “MDI' is a 
pressure resistant canister or container filled with a product 
Such as a pharmaceutical composition dissolved in a liquefied 
propellant or micronized particles Suspended in a liquefied 
propellant. The correct dosage of the composition is delivered 
to the patient. A dry powder inhaler is a system operable with 
a source of pressurized air to produce dry powderparticles of 
a pharmaceutical composition that is compacted into a very 
Small Volume. For inhalation, the system has a plurality of 
chambers or blisters each containing a single dose of the 
pharmaceutical composition and a select element for releas 
ing a single dose. 

Suitable powder compositions include, by way of illustra 
tion, powdered preparations of the active ingredients thor 
oughly intermixed with lactose or otherinert powders accept 
able for intrabronchial administration. The powder 
compositions can be administered via an aerosol dispenser or 
encased in a breakable capsule which may be inserted by the 
patient into a device that punctures the capsule and blows the 
powder out in a steady stream suitable for inhalation. The 
compositions can include propellants, Surfactants and co 
Solvents and may be filled into conventional aerosol contain 
ers that are closed by a suitable metering valve. 
A second aspect of the present invention relates to a method 

of screening for compounds Suitable for treatment of hypo 
phosphatemia associated with elevated or normal FGF23 lev 
els. This method involves providing: FGF23, binary FGFR 
Klotho complex, and one or more candidate compounds. The 
FGF23, the FGFR-Klotho complex, and the candidate com 
pounds are combined under conditions effective for the 
FGF23 and the binary FGFR-Klotho complex to form a ter 
nary complex if present by themselves. The candidate com 
pounds, which prevent formation of the complex, are identi 
fied as being potentially Suitable in treating 
hypophosphatemia associated with elevated or normal 
FGF23 levels. 

For this method, a plurality of candidate compounds may 
be tested. 
The candidate compound is contacted withanassay system 

according to the selected assay system and candidate com 
pound. For example, in an in vitro cell culture system, the 
candidate compound may be added directly to the cell culture 
medium, or the cells may be transfected with the candidate 
compound, etc. 

Surface plasmon resonance (SPR) spectroscopy is an in 
vitro method used to determine physical interaction between 
two or more proteins. SPR spectroscopy is useful for confirm 
ing the existence of a proteinprotein interaction predicted by 
other research techniques (e.g., co-immunoprecipitation, 
yeast two-hybrid and density gradient centrifugation). The 
minimal requirement for SPR spectroscopy is the availability 
of purified proteins, one of which will be coupled to the 
Surface of a biosensor chip. 

Size-exclusion chromatography is another in vitro method 
used to determine physical interaction between two or more 
proteins. Size-exclusion chromatography is useful for con 
firming the existence of a protein: protein interaction pre 
dicted by other research techniques (e.g., co-immunoprecipi 
tation, yeast two-hybrid and density gradient centrifugation). 
The minimal requirement for size-exclusion chromatography 
is the availability of purified proteins. 
A pull-down assay is yet another in vitro method used to 

determine physical interaction between two or more proteins. 
Pull-down assays are useful for confirming the existence of a 
protein-protein interaction predicted by other research tech 
niques (e.g., co-immunoprecipitation, yeast two-hybrid and 
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density gradient centrifugation). The minimal requirement 
for a pull-down assay is the availability of a purified and 
tagged protein which will be used to capture and pull-down 
a protein-binding partner. 
A variety of interaction or binding assays can be used to 

determine that an agent specifically binds the binary FGFR 
Klotho complex, such as the SPR interaction analysis 
described below. One aspect of the present invention utilizes 
SPR analysis of FGF23 protein/peptide binding to the binary 
FGFR-Klotho complex. The SPR analysis involved FGF23 
protein/peptide immobilization by amine coupling on flow 
channels of a chip. Proteins were injected over the chip at a 
flow rate of 50 ul min', and at the end of each protein 
injection (180 s), HBS-EP buffer (10 mM HEPES-NaOH, pH 
7.4, 150 mM. NaCl, 3 mM EDTA, 0.005% (v/v) polysorbate 
20: 50 ulmin') was flowed over the chip to monitor disso 
ciation for 180 s. The chip surface was then regenerated by 
injecting 50 ul of 2.0 M NaCl in 10 mM sodium acetate, pH 
4.5. To control for nonspecific binding, FHF1B, which shares 
structural similarity with FGFs but does not exhibit any 
FGFRbinding, was coupled to the control flow channel of the 
chip. For each protein injection over a FGF23 protein/peptide 
chip, the nonspecific responses from the FHF1B control flow 
channel were subtracted from the responses recorded for the 
flow channel onto which FGF23 protein/peptide was immo 
bilized. To analyze FGF23 binding to the binary FGFR1c 
Klotho complex, FGF23’’ was coupled to a chip, and 
increasing concentrations of 1:1 complex of the ectodomains 
of FGFR1c and Klotho in HBS-EP buffer were passed over 
the chip. To measure binding of the C-terminal tail of FGF23 
to the binary FGFR1c-Klotho complex, FGF23'''' was 
immobilized on a chip, and increasing concentrations of 1:1 
complex of the ectodomains of FGFR1c and Klotho in HBS 
EP buffer were passed over the chip. To examine whether the 
C-terminal tail of FGF23 can compete with full-length 
FGF23 for binding to the binary FGFR1c-Klotho complex, 
FGF23 was immobilized on a chip. Increasing concen 
trations of FGF23'''' were mixed with a fixed concentra 
tion of 1:1 complex of the ectodomains of FGFR1c and 
Klotho in HBS-EP buffer, and the mixtures were passed over 
the chip. As a control, competition of FGF23 in solution with 
immobilized FGF23 for binding to the binary FGFR1c 
Klotho complex was studied. Increasing concentrations of 
FGF23 '' were mixed with a fixed concentration of 1:1 
complex of the ectodomains of FGFR1c and Klotho in HBS 
EP buffer, and the mixtures were passed over the FGF23 chip. 
Competition of the FGF23 C-terminal tail peptide with full 
length FGF23 for binding to the binary FGFR1c-Klotho com 
plex was also studied using the “reverse SPR assay format, 
where FGF23 '''' was immobilized on a chip and mixtures 
of a fixed concentration of 1:1 complex of the ectodomains of 
FGFR1c and Klotho with increasing concentrations of 
FGF23 were passed over the chip. As a control, compe 
tition of FGF23 C-terminal tail peptide in solution with 
immobilized FGF23 C-terminal tail peptide for binding to the 
binary FGFR1c-Klotho complex was analyzed. Increasing 
concentrations of FGF23 '''' were mixed with a fixed con 
centration of 1:1 complex of the ectodomains of FGFR1c and 
Klotho in HBS-EP buffer, and the mixtures were passed over 
the FGF23 '''' chip. To verify the specificity of the inter 
action between the FGF23 C-terminal tail and the FGFR1c 
Klotho complex, FGF23’’ was immobilized on a chip. 
Increasing concentrations of FGF21''' were mixed with a 
fixed concentration of 1:1 complex of the ectodomains of 
FGFR1c and Klotho in HBS-EPbuffer, and the mixtures were 
passed over the chip. In addition, the ability of the FGF23 
C-terminal tail peptide to interfere with binary complex for 
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mation between BKlotho and either FGF19 or FGF21 was 
tested, as was its ability to interfere with ternary complex 
formation between BKlotho, FGFR, and either FGF19 or 
FGF21. FGF19° and FGF21’’ were immobilized on 
two flow channels of a chip. FGF23 '''' and the 
ectodomain of BKlotho were mixed at a molar ratio of 2:1, 
and the mixture was injected over the chip. Next, FGF23 
251 and the 1:1 complex of the ectodomains of FGFR1c and 
BKlotho were mixed at a molar ratio of 10:1, and the mixture 
was passed over the FGF19/FGF21 chip. To examine whether 
a C-terminal FGF23 peptide comprising the minimal binding 
epitope for the binary FGFR-Klotho complex can compete 
with full-length FGF23 for binding to FGFR1c-Klotho, 
increasing concentrations of FGF23''' were mixed with a 
fixed concentration of 1:1 complex of the ectodomains of 
FGFR1c and Klotho in HBS-EPbuffer, and the mixtures were 
passed over a chip onto which FGF23 '' had been immo 
bilized. 

Size-exclusion chromatography may also be used to deter 
mine that an agent specifically binds the binary FGFR-Klotho 
complex. One aspect of the present invention utilizes size 
exclusion chromatography. The size-exclusion chromatogra 
phy experiments were performed on a HiLoadTM 16/60 
SuperdexTM 200 prep grade column. Because of poor solu 
bility of FGF23 proteins and FGFR1c ectodomain in low salt 
buffer, the experiments were carried out with 25 mM HEPES 
NaOH buffer, pH7.5, containing 1.0 M NaCl. Sample injec 
tion volume was 0.3 to 1.0 ml, and the flow rate was 1.0 ml 
min'. Protein retention times were determined by absor 
bance at 280 nm. The column was calibrated with ferritin (440 
kDa), immunoglobulin G (150 kDa), albumin (69.3 kDa), 
ovalbumin (44.3 kDa), and carbonic anhydrase (28.8 kDa). 
The void volume was determined using blue dextran 2,000. 
To examine binding of FGF23 proteins to the 1:1 binary 
complex of the ectodomains of FGFR1c and Klotho, 
FGFR1c-Klotho complex was mixed with a slight molar 
excess of either FGF23° or FGF2327 or FGF23 
251, and the mixtures were applied to the size-exclusion col 
umn. The retention time of the FGFR1c-Klotho complex 
alone served as a reference point. Proteins of column peak 
fractions were resolved on 14% SDS-polyacrylamide gels, 
and then stained with Coomassie Brilliant Blue R-250. 
A pull-down assay may also be used to confirm the exist 

ence of a protein-protein interaction (i.e. FGF23 '''' bind 
ing to the binary FGFR-Klotho complex). One aspect of the 
present invention utilizes pull-down assays. These assays 
involved subconfluent cultures of a HEK293 cell line ectopi 
cally expressing the FLAG-tagged membrane-spanning form 
of murine Klotho, which were harvested and lysed. Cell 
lysate was incubated with FGF23??, FGF23??, 
FGF237, FGF23 '''', or protein sample buffer, and 
binary complexes of Klotho and endogenous FGFR were 
isolated from cell lysate using anti-FLAG M2 agarose beads. 
Bead-bound proteins were resolved together with controls 
(FGF23 protein) on 14% SDS-polyacrylamide gels, trans 
ferred to nitrocellulose membranes, and labeled using horse 
radish peroxidase-conjugated India-His Probe. 

Co-immunoprecipitation may also be used to determine 
that an agent specifically binds the binary FGFR-Klotho com 
plex. One aspect of the present invention utilizes co-immu 
noprecipitation studies. Subconfluent cultures of a HEK293 
cell line ectopically expressing the FLAG-tagged membrane 
spanning form of murine Klotho were transfected with 
expression vectors for V5-tagged FGFR1c, FGFR3c, or 
FGFR4. Two days later, the cells were lysed, and FGFR 
Klotho complexes were isolated from cell lysate using anti 
V5 agarose beads. The beads were then incubated with either 
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FGF23 '''' or FGF23 alone, or with mixtures of 
FGF23 with either increasing FGF23'-' or increas 
ing FGF23'''. Bead-bound proteins were resolved on 
SDS-polyacrylamide gels, transferred to nitrocellulose mem 
branes, and labeled using antibodies to Klotho, FGF23, and 
V5 epitope tag. 

Serum FGF23 level may be evaluated in an individual with 
hypophosphatemia by immunoassay. This includes two kinds 
of enzyme linked immunoabsorbant assay (ELISA): a full 
length assay that detects only full-length FGF23 with phos 
phate-lowering activity and a C-terminal assay that measures 
full-length as well as C-terminal fragment of FGF23. The 
FGF23 gene may be analyzed by direct sequencing of PCR 
products, and mutant FGF23 may be analyzed by Western 
blotting using two kinds of monoclonal antibodies that rec 
ognize N- and C-terminal portion of the processing site of 
FGF23 after expression in mammalian cells. 

In addition to full-length peptides, the present invention 
provides for peptides having the biological activity of FGF23, 
as defined herein. One skilled in the art would appreciate, 
based on the sequences disclosed herein, that overlapping 
fragments of FGF23 can be generated using standard recom 
binant technology, for example, that described in Sambrook 
etal. (Molecular Cloning: A Laboratory Manual, Cold Spring 
Harbor Laboratory Press, New York, 1989) and Ausubeletal. 
(Current Protocols in Molecular Biology, Green & Wiley, 
New York, 1997), which are hereby incorporated by reference 
in their entirety. One skilled in the art would appreciate, based 
on the disclosure presented herein, that the biological activity 
of FGF23 fragments could be tested by injecting the material 
into mice and evaluating whether injected mice exhibit 
increased renal phosphate excretion and hypophosphatemia. 
Induction of phosphate excretion and hypophosphatemia 
would serve as an indication that the FGF23 fragment 
retained biological activity. In addition, in vitro assays can be 
used to test FGF23 biological activity. For example, isolated 
renal tubules may be perfused with FGF23 fragments and 
evaluated for alterations in phosphate transport, relative to 
wild-type FGF23. Similarly, cell culture models which pos 
sess the necessary FGF23 signal transduction machinery (i.e. 
FGF receptor 1, Klotho, and type II sodium-dependent phos 
phate transporter) may be transfected with FGF23 fragments 
and Subsequently tested for alterations in phosphate trans 
port, relative to wild-type FGF23. 

In situ hybridization assays are used to measure the level of 
expression for normal cells and Suspected cells from a tissue 
sample. Labelling of the nucleic acid sequence allows for the 
detection and measurement of relative expression levels. By 
comparing the level of expression between normal cells and 
Suspected cells from a tissue sample, candidate compounds 
Suitable for treatment of hypophosphatemia associated with 
elevated or normal FGF23 may be identified by the reduced 
expression level of the gene product. 
An approach to detecting the presence of a given sequence 

or sequences in a polynucleotide sample involves selective 
amplification of the sequence(s) by polymerase chain reac 
tion. PCR is described in U.S. Pat. No. 4,683.202 to Mullis et 
al. and Saiki et al., “Enzymatic Amplification of Beta-globin 
Genomic Sequences and Restriction Site Analysis for Diag 
nosis of Sickle Cell Anemia,” Science 230:1350-1354 (1985), 
which are hereby incorporated by reference in their entirety. 
In this method, primers complementary to opposite end por 
tions of the selected sequence(s) are used to promote, in 
conjunction with thermal cycling, Successive rounds of 
primer-initiated replication. The amplified sequence(s) may 
be readily identified by a variety of techniques. This approach 
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is particularly useful for detecting candidate compounds Suit 
able for treatment of hypophosphatemia associated with 
elevated or normal FGF23. 
The present invention also relates to a method of screening 

the specificity of compounds which prevent formation of the 
FGF23-Klotho-FGFR complex. This method involves pro 
viding FGF19, providing binary FGFR-BKlotho complex, 
and providing one or more candidate compounds. The 
FGF19, the binary FGFR-BKlotho complex, and the candi 
date compounds are combined under conditions effective for 
the FGF19 and the binary FGFR-BKlotho complex to form a 
ternary complex if present by themselves. Candidate com 
pounds which do not interfere with formation of the complex 
are identified as being specific and potentially suitable in 
treating hypophosphatemia associated with elevated or nor 
mal FGF23 levels. 

This aspect of the present invention is carried out with 
many of the procedures described with respect to the screen 
ing method of the second aspect of the present invention as 
described above. FGF19 can be replaced with FGF21. The 
FGF receptor may have the amino acid sequence of SEQID 
NO:9. This aspect of the present invention can be carried out 
using Surface plasmon resonance spectroscopy. 

EXAMPLES 

The following examples are provided to illustrate embodi 
ments of the present invention but are by no means intended 
to limit its scope. 
Materials and Methods for Examples 1-8 
Purification of FGF19, FGF21, FGF23, FGFR, Klotho and 
BKlotho Proteins and Purification/Synthesis of FGF21 and 
FGF23 Peptides 
Human FGF19 (R23 to K216, referred to as FGF19''), 

human FGF21 (H29 to S209, referred to as FGF21’’), 
human FGF23 (A28 to I251, referred to as FGF23 '': FIG. 
1A) and C-terminally truncated FGF23 proteins (A28 to 
T200, referred to as FGF23''': A28 to R179, referred to as 
FGF23°7: FIG. 1A) were expressed in E. coli, refolded in 
vitro, and purified by published protocols (Ibrahimi et al., 
“Biochemical Analysis of Pathogenic Ligand-dependent 
FGFR2 Mutations Suggests Distinct Pathophysiological 
Mechanisms for Craniofacial and Limb Abnormalities. Hum 
Mol Genet 13(19):2313-2324 (2004), Plotnikov et al., “Crys 
tal Structures of Two FGF-FGFR Complexes Reveal the 
Determinants of Ligand-receptor Specificity. Cell 101 (4): 
413-424 (2000), which are hereby incorporated by reference 
in their entirety). In order to minimize proteolysis of 
FGF23 and FGF23??, arginine residues 176 and 179 
of the proteolytic cleavage site '7RXXR'' (SEQID NO: 1) 
were replaced with glutamine as it occurs in ADHR (Anony 
mous, "Autosomal Dominant Hypophosphataemic Rickets is 
Associated with Mutations in FGF23, ' Nat Genet 26(3):345 
348 (2000); White et al., “Autosomal-dominant Hypophos 
phatemic Rickets (ADHR) Mutations Stabilize FGF-23,” 
Kidney Int 60(6):2079-2086 (2001), which are hereby incor 
porated by reference in their entirety). The bacterially 
expressed FGF23 '' protein exhibited similar bioactivity 
as full-length FGF23 produced using a mammalian expres 
sion system, as judged by similar ability of the two protein 
preparations to induce tyrosine phosphorylation of FRS2C. 
and downstream activation of MAP kinase cascade in a 
HEK293 cell line ectopically expressing the membrane-span 
ning form of murine Klotho (Kurosu et al., “Regulation of 
fibroblast growth factor-23 signaling by klotho, J Biol Chem 
281 (10):6120-6123 (2006), which is hereby incorporated by 
reference in its entirety). Human fibroblast growth factor 
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homologous factor 1B (FHF1B) was purified by a published 
protocol (Olsen et al., “Fibroblast growth factor (FGF) 
homologous factors share structural but not functional 
homology with FGFs,” J Biol Chem 278(36):34226-34236 
(2003), which is hereby incorporated by reference in its 
entirety). Purified human FGF2 (M1 to S155) was obtained 
from Upstate Biotechnology. The ligand-binding domain of 
human FGFR1c (D142 to R365) was expressed in E. coli and 
purified by published protocols (Anonymous, “Autosomal 
Dominant Hypophosphataemic Rickets is Associated with 
Mutations in FGF23," Nat Genet 26(3):345-348 (2000); 
White et al., “Autosomal-dominant Hypophosphatemic Rick 
ets (ADHR) Mutations Stabilize FGF-23,” Kidney Int 60(6): 
2079-2086 (2001), which are hereby incorporated by refer 
ence in their entirety). The ectodomain of murine Klotho 
(A35 to K982) was purified from culture media of a HEK293 
cell line ectopically expressing the Klotho ectodomain as a 
fusion protein with a C-terminal FLAG tag (Kurosu et al., 
“Regulation of fibroblast growth factor-23 signaling by 
klotho, J Biol Chem 281 (10):6120-6123 (2006); Kurosu et 
al., “Suppression of aging in mice by the hormone Klotho.” 
Science 309(5742):1829-1833 (2005), which are hereby 
incorporated by reference in their entirety). Similarly, the 
ectodomain of murine BKlotho (F53 to L995) was expressed 
in HEK293 cells as a fusion protein with a C-terminal FLAG 
tag and purified using the same protocol as for the Klotho 
ectodomain. Purified bovine B-glucuronidase was obtained 
from Sigma-Aldrich. 
The N-terminally hexahistidine-tagged, 72-amino acid 

C-terminal tail of human FGF23 (S180 to I251, referred to as 
FGF23 '''': FIG. 1A) was expressed in E. coli, and purified 
by nickel affinity-, ion-exchange- and size-exclusion chro 
matographies. A shorter peptide of the FGF23 C-terminal 
region (S180 to S205, referred to as FGF23''': FIG. 1A) 
was synthesized by solid phase synthesis (GenScript Corpo 
ration). The N-terminally hexahistidine-tagged, 42-amino 
acid long C-terminal tail of FGF21 (P168 to S209, referred to 
as FGF21''') was expressed in E. coli, and purified by 
nickel affinity- and ion-exchange chromatographies. 
Analysis of FGF23-FGFR1c-Klotho Interactions by Surface 
Plasmon Resonance Spectroscopy 

Surface plasmon resonance (SPR) spectroscopy experi 
ments were performed on a Biacore 2000 instrument (Biacore 
AB), and FGF23-FGFR1c-Klotho interactions were studied 
at 25°C. in HBS-EP buffer (10 mM HEPES-NaOH, pH 7.4, 
150 mM. NaCl, 3 mM EDTA, 0.005% (v/v) polysorbate 20). 
Proteins were immobilized by amine coupling on flow chan 
nels of research grade CMS chips (Biacore AB). Proteins 
were injected over a CMS chip at a flow rate of 50 ulmin', 
and at the end of each protein injection (180 s), HBS-EP 
buffer (50 ul min') was flowed over the chip to monitor 
dissociation for 180s. The chip surface was then regenerated 
by injecting 50 ul of 2.0 MNaCl in 10 mM sodium acetate, pH 
4.5. To control for nonspecific binding in experiments where 
Klotho ectodomain was immobilized on the chip, B-glucu 
ronidase was coupled to the control flow channel of the chip 
(-26-32fmole/mm) Like Klotho, B-glucuronidase is a mem 
ber of family 1 glycosidases, and hence structurally related to 
each of the two extracellular glycosidase-like domains of 
Klotho. In experiments where FGF19, FGF21, FGF23 or the 
C-terminal tail of FGF23 were immobilized on the chip, 
FHF1B, which shares structural similarity with FGFs but 
does not exhibit any FGFR binding (Olsen et al., “Fibroblast 
growth factor (FGF) homologous factors share structural but 
not functional homology with FGFs. J Biol Chem 278(36): 
34226-34236 (2003), which is hereby incorporated by refer 
ence in its entirety), was coupled to the control flow channel 
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of the chip (~14-71 fmole/mm) The data were processed 
with BiaEvaluation software (Biacore AB). For each protein 
injection over a Klotho chip, the nonspecific responses from 
the B-glucuronidase control flow channel were subtracted 
from the responses recorded for the Klotho flow channel. 
Similarly, for each protein injection over a FGF chip, the 
nonspecific responses from the FHF1B control flow channel 
were subtracted from the responses recorded for the FGF flow 
channel. Each set of experiments was repeated at least three 
times, and for each experiment, at least two protein injections 
were repeated two to five times to monitor chip performance 
and to verify reproducibility of the binding responses. 
To analyze Klotho binding to FGFR1c, Klotho ectodomain 

was immobilized on a chip (-29-35fmole/mm of flow chan 
nel). Increasing concentrations of FGFR1c ectodomain in 
HBS-EP buffer were injected over the chip. Maximal equi 
librium responses were plotted against the concentrations of 
FGFR1c ectodomain (FIG.1B), and from the fitted saturation 
binding curve the equilibrium dissociation constant(K) was 
calculated. The fitted binding curve was judged to be accurate 
based on the distribution of the residuals (even and near Zero) 
and x (<10% of R). 
To analyze FGF23 binding to both Klotho and FGFR1c 

alone, and to the binary FGFR1c-Klotho complex, FGF23 
251 was coupled to a chip (~16-53 fmole/mm of flow chan 
nel). To measure FGF23 binding to Klotho, increasing con 
centrations of Klotho ectodomain in HBS-EP buffer were 
passed over the chip. To analyze FGF23 interaction with 
FGFR1c, increasing concentrations of FGFR1c ectodomain 
in HBS-EP buffer were injected over the chip. To measure 
FGF23 binding to the binary FGFR1c-Klotho complex, 
increasing concentrations of 1:1 complex of the ectodomains 
of FGFR1c and Klotho in HBS-EP buffer were passed over 
the FGF23 chip. 
To analyze binding of the C-terminal tail of FGF23 to the 

binary FGFR1c-Klotho complex, FGF23 '''' was immo 
bilized on a chip (~48 fmole/mm of flow channel), and 
increasing concentrations of 1:1 complex of the ectodomains 
of FGFR1c and Klotho in HBS-EP buffer were passed over 
the chip. 
To examine whether the C-terminal tail of FGF23 can 

compete with full-length FGF23 for binding to the binary 
FGFR1c-Klotho complex, two assay formats were employed. 
In one assay, FGF23’’ was immobilized on a chip (-16-53 
fmole/mm of flow channel). Increasing concentrations of 
FGF23'''' (0-400 nM) were mixed with a fixed concen 
tration of 1:1 complex of the ectodomains of FGFR1c and 
Klotho (10 nM, 15 nM and 20 nM, respectively) in HBS-EP 
buffer, and the mixtures were passed over the chip. As a 
control, competition of FGF23 in solution with immobilized 
FGF23 for binding to the binary FGFR1c-Klotho complex 
was studied. Increasing concentrations of FGF23 '' (0-50 
nM) were mixed with a fixed concentration of 1:1 complex of 
the ectodomains of FGFR1c and Klotho (15 nM and 20 nM, 
respectively) in HBS-EP buffer, and the mixtures were passed 
over the FGF23 chip. In the other reverse—assay, 
FGF23 '''' was immobilized on a chip (-48.4 fimole/mm. 
of flow channel). Increasing concentrations of FGF23 
(0-50 nM) were mixed with a fixed concentration of 1:1 
complex of the ectodomains of FGFR1c and Klotho (20 nM) 
in HBS-EP buffer, and the mixtures were passed over the 
chip. As a control, competition of FGF23 C-terminal tail 
peptide in solution with immobilized FGF23 C-terminal tail 
peptide for binding to the binary FGFR1c-Klotho complex 
was studied. Increasing concentrations of FGF23 '''' 
(0-400 nM) were mixed with a fixed concentration of 1:1 
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complex of the ectodomains of FGFR1c and Klotho (20 nM) 
in HBS-EP buffer, and the mixtures were passed over the 
FGF238-25 chip. 
To examine whether a C-terminal FGF23 peptide compris 

ing the minimal binding epitope for the binary FGFR-Klotho 
complex can compete with full-length FGF23 for binding to 
FGFR1c-Klotho, increasing concentrations of FGF23''' 
(0-800 nM) were mixed with a fixed concentration of 1:1 
complex of the ectodomains of FGFR1c and Klotho (15 nM 
and 20 nM, respectively) in HBS-EP buffer, and the mixtures 
were passed over a chip onto which FGF23 '' had been 
immobilized (-16 fmole/mm of flow channel). 

To examine whether the C-terminal tail of FGF21 can 
compete with full-length FGF23 for binding to binding to the 
binary FGFR1c-Klotho complex, FGF23’’ was immobi 
lized on a chip (-16fmole/mm of flow channel). FGF21''' 
209 was mixed with the 1:1 complex of the ectodomains of 
FGFR1c and Klotho at molar ratios of 6:1 and 10:1, and the 
mixtures were passed over the chip. 

To examine whether the C-terminal tail peptide of FGF23 
interferes with binary complex formation between BKlotho 
and either FGF19 or FGF21, FGF19° and FGF21’’’ 
were immobilized on two flow channels of a chip (-29 fmole/ 
mm of flow channel). FGF23 '''' and the ectodomain of 
BKlotho were mixed at a molar ratio of 2:1, and the mixture 
was injected over the chip. 

To examine whether the C-terminal tail peptide of FGF23 
interferes with ternary complex formation between BKlotho, 
FGFR, and either FGF19 or FGF21, FGF23 and the 1:1 
complex of the ectodomains of FGFR1c and BKlotho were 
mixed at a molar ratio of 10:1, and the mixture was passed 
over a chip onto which FGF19° and FGF21’’ had 
been immobilized (-29 fmole/mm of flow channel). 
Analysis of FGF23 Protein/Peptide Binding to FGFR1c 
Klotho Complex by Size-Exclusion Chromatography 

Size-exclusion chromatography experiments were per 
formed on a HiLoadTM 16/60 SuperdexTM 200 prep grade 
column (GE Healthcare) mounted on an AKTApurifier (GE 
Healthcare). Because of poor solubility of FGF23 proteins 
and FGFR1c ectodomain in low salt buffer, the experiments 
were carried out with 25 mM HEPES-NaOH buffer, pH7.5, 
containing 1.0 M NaCl. Sample injection volume was 0.3 to 
1.0 ml, and the flow rate was 1.0 ml min'. Protein retention 
times were determined by absorbance at 280 nm. The column 
was calibrated with ferritin (440 kDa), immunoglobulin G 
(150 kDa), albumin (69.3 kDa), ovalbumin (44.3 kDa), and 
carbonic anhydrase (28.8 kDa). The void volume was deter 
mined using blue dextran 2,000. To examine binding of 
FGF23 proteins to the 1:1 binary complex of the ectodomains 
of FGFR1c and Klotho, 1.0 to 3.0 umol of FGFR1c-Klotho 
complex were mixed with a 3- to 5-fold molar excess of either 
FGF2328-25 or FGF2328-7 or FGF2380-25, and the mix 
tures were applied to the size-exclusion column. The reten 
tion time of the FGFR1c-Klotho complex alone served as a 
reference point. Proteins of column peak fractions were 
resolved on 14% SDS-polyacrylamide gels, and then stained 
with Coomassie Brilliant Blue R-250. 
Cell Culture-Pull-Down Assays of FGF23 Protein/Peptide 
Binding to FGFR-Klotho Complex 

Subconfluent cultures of a HEK293 cell line ectopically 
expressing the FLAG-tagged membrane-spanning form of 
murine Klotho (HEK293-Klotho: Kurosu et al., “Regulation 
of Fibroblast Growth Factor-23 Signaling by Klotho, J Biol 
Chem 281 (10):6120-6123 (2006), which is hereby incorpo 
rated by reference in its entirety), were harvested and lysed 
(Goetz et al., “Molecular Insights into the Klotho-dependent, 
Endocrine Mode of Action of Fibroblast Growth Factor 19 
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Subfamily Members.” Mol Cell Biol 27(9):3417-3428 
(2007), which is hereby incorporated by reference in its 
entirety). Cell lysate was incubated with 2.7 nmoles of 
FGF2328-251, FGF2328-200, FGF2328-179, FGF23 180-251, or 
protein sample buffer, and binary complexes of Klotho and 
endogenous FGFR were isolated from cell lysate using anti 
FLAG M2 agarose beads (Sigma-Aldrich) (Goetz et al., 
“Molecular Insights into the Klotho-dependent, Endocrine 
Mode of Action of Fibroblast Growth Factor 19 Subfamily 
Members.” Mol Cell Biol 27 (9):3417-3428 (2007), which is 
hereby incorporated by reference in its entirety). Bead-bound 
proteins were resolved together with controls (130 to 250 ng 
of each FGF23 protein) on 14% SDS-polyacrylamide gels, 
transferred to nitrocellulose membranes, and labeled using 
horseradish peroxidase-conjugated India-HisProbe (Pierce). 

In parallel, subconfluent HEK293-Klotho cells (Kurosu et 
al., “Regulation of Fibroblast Growth Factor-23 Signaling by 
Klotho, J Biol Chem 281 (10):6120-6123 (2006), which is 
hereby incorporated by reference in its entirety) were trans 
fected with expression vectors for V5-tagged FGFR1c, 
FGFR3c, or FGFR4 (Kurosu et al., “Regulation of Fibroblast 
Growth Factor-23 Signaling by Klotho, J Biol Chem 281 
(10):6120-6123 (2006), which is hereby incorporated by ref. 
erence in its entirety) and binding of FGF23 proteins/peptides 
to Klotho-FGFR complexes isolated from cell lysate was 
analyzed. Two days later, the cells were lysed (Kurosu et al. 
“Suppression of Aging in Mice by the Hormone Klotho.” 
Science 309(5742):1829-1833 (2005), which is hereby incor 
porated by reference in its entirety), and FGFR-Klotho com 
plexes were isolated from cell lysate using anti-V5 agarose 
beads (Sigma-Aldrich) (Kurosu et al., “Regulation of Fibro 
blast Growth Factor-23 Signaling by Klotho, J Biol Chem 
281 (10):6120-6123 (2006), which is hereby incorporated by 
reference in its entirety). The beads were then incubated with 
either FGF239-2 (1 nM) or FGF23?? (1 nM) alone, or 
with mixtures of FGF23 (1 nM) with either increasing 
FGF23'-' (2 to 76 nM) or increasing FGF23'-' (0.1 to 
10 uM). Bead-bound proteins were resolved on SDS-poly 
acrylamide gels, transferred to nitrocellulose membranes, 
and labeled using antibodies to Klotho (KM2119, (Kato et al., 
"Establishment of the Anti-Klotho Monoclonal Antibodies 
and Detection of Klotho Protein in Kidneys.” Biochemical 
Biophysical Res Communications 267(2):597-602 (2000), 
which is hereby incorporated by reference in its entirety)), 
FGF23 (R&D systems), and V5 epitope tag (Invitrogen). 
Analysis of Phosphorylation of FRS2C. and 44/42 MAP 
Kinase in Epithelial Cell Lines 

Subconfluent HEK293-Klotho cells (Kurosu et al., “Regu 
lation of Fibroblast Growth Factor-23 Signaling by Klotho.” 
J Biol Chem 281 (10):6120-6123 (2006), which is hereby 
incorporated by reference in its entirety) were serum starved 
for 16 hand then stimulated for 10 min with either FGF23 
2s1 (0.33 to 10 nM) or FGF23 '''' (0.76 to 76.3 nM). In 
parallel experiments, cells were stimulated with FGF23?' 
(1 nM) alone or with FGF23 '' (1 nM) mixed with increas 
ing concentrations of either FGF23 '''' (0.76 to 76.3 nM) 
or FGF23''' (0.1 to 10 uM). Cell stimulation with FGF2 
(2.9 nM) alone or FGF2 (2.9 nM) mixed with increasing 
concentrations of FGF23'''' (0.76 to 76.3 nM) served as 
controls. Similarly, subconfluent cells of a CHO cell line 
stably expressing Klotho (Imura et al., “Secreted Klotho Pro 
tein in Sera and CSF: Implication for Post-translational 
Cleavage in Release of Klotho Protein from Cell Membrane.” 
FEBS Lett 565(1-3):143-147 (2004), which is hereby incor 
porated by reference in its entirety) were treated with either 
FGF2328-25 (0.067 to 20 nM) or FGF2328-200 (0.04 to 12 
nM). 
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In a separate experiment, the biological activity of the 
bacterially expressed FGF23’’ protein was compared to 
that of FGF23 '' expressed in the mouse myeloma cell line 
NS0 (R&D Systems). Subconfluent HEK293-Klotho cells 
were serum starved, and then treated with either of the two 
FGF23 proteins. 

After stimulation, the cells were lysed (Kurosu et al. “Sup 
pression of Aging in Mice by the Hormone Klotho. Science 
309(5742):1829-1833 (2005), which is hereby incorporated 
by reference in its entirety), and cellular proteins were 
resolved on SDS-polyacrylamide gels, transferred to nitro 
cellulose membranes, and the protein blots were probed with 
antibodies to phosphorylated FGF receptor substrate-2C. 
(FRS2C), phosphorylated 44/42 MAP kinase and non-phos 
phorylated 44/42 MAP kinase, and Klotho. Except for the 
anti-Klotho antibody (Kato et al., “Establishment of the Anti 
Klotho Monoclonal Antibodies and Detection of Klotho Pro 
tein in Kidneys. Biochemical Biophysical Res Communica 
tions 267(2):597-602 (2000), which is hereby incorporated 
by reference in its entirety), all antibodies were from Cell 
Signaling Technology. 
Measurement of Phosphate Uptake by Opossum Kidney 
Cells 
The effects of FGF23 proteins/peptides on sodium 

coupled phosphate uptake were studied in the opossum kid 
ney cell line OKP (Miyauchi et al., “Stimulation of transient 
elevations in cytosolic Ca2+ is related to inhibition of Pi 
transport in OK cells.” Am J Physiol 259(3 Pt 2):F485-493 
(1990), which is hereby incorporated by reference in its 
entirety). The cell line has many characteristics of renal proxi 
mal tubule epithelium, including sodium gradient-dependent 
phosphate transport and sensitivity to parathyroid hormone 
(Miyauchi et al., “Stimulation of transient elevations in cyto 
solic Ca2+ is related to inhibition of Pitransport in OK cells.” 
Am J Physiol 259(3 Pt 2):F485-493 (1990), which is hereby 
incorporated by reference in its entirety). OKP cells also 
express FGFR1-4 and Klotho (see next methods section). 
OKP cells were grown in culture as described previously (Hu 
et al., “Dopamine Acutely Stimulates Na+/H+ Exchanger 
(NHE3) Endocytosis Via Clathrin-coated Vesicles: Depen 
dence on Protein Kinase A-mediated NHE3 Phosphoryla 
tion.” J Biol Chem 276(29):26906-26915 (2001), which is 
hereby incorporated by reference in its entirety). Cells grown 
in 24-well plates were stimulated for 4 h with FGF23?' 
(0.5 to 1 nM), FGF238-25 (500 nM), FGF2380-205 (500 
nM), or mixtures of FGF23 '' (1 nM) with either 
FGF238-25 (1 to 500 nM) or FGF2380-205 (1 to 500 nM). 
The 1 nM concentration of FGF23’’ was chosen for com 
petition experiments with FGF23 C-terminal peptides 
because at this concentration, half-maximum inhibition of 
phosphate uptake is reached. After stimulation, the cells were 
rinsed with Na"-free solution followed by 5 min incubation 
with uptake solution containing 100 uM KHPO, (2 mCi/ 
ml. PerkinElmer). The reaction was stopped by aspiration of 
uptake solution and washing cells with ice-cold stop Solution 
(10 mM HEPES pH 7.4, 140 mM NaCl, 1 mM MgCl). Each 
transport reaction was performed in triplicates. 
Analysis of FGFR and Klotho mRNA Expression in Opos 
sum Kidney Cells 

Total RNA was extracted from the OKP cell line (Miyauchi 
et al., “Stimulation of transient elevations in cytosolic Ca2+ is 
related to inhibition of Pitransport in OK cells. Am J Physiol 
259(3 Pt 2):F485-493 (1990), which is hereby incorporated 
by reference in its entirety) using RNeasy kit (Qiagen). 5ug 
of total RNA was used for cDNA synthesis with random 
hexamer primers using SuperScript III First Strand Synthesis 
System (Invitrogen). FGFR1-4. Klotho, and B-actin tran 
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scripts were detected by PCR using Platinum Taq DNA Poly 
merase (Invitrogen). The PCR conditions were 94° C. for 1 
min followed by 35 cycles of 95°C. for 30s, 54° C. for 30s, 
and 72° C. for 60 s. The primers used were 5'-TGATTTG 
CATTCTCCACCAA-3' (SEQID NO: 13) and 5'-CTTCTC 
CCCGCTTTTCTTCT-3' (SEQ ID NO: 14) (FGFR1); 
5'-TATGGGCCAGATGGATTACC-3' (SEQ ID NO: 15) and 
5'-GCACGTATACTCCCCAGCAT-3' (SEQ ID NO: 16) 
(FGFR2): 5'-ACCTGGTGTCCTGTGCCTAC-3' (SEQ ID 
NO:17) and 5'-CATTCGATGGCCCTCTTTTA-3' (SEQ ID 
NO: 18) (FGFR3); 5'-CTGAAGCACATCGAGGTCAA-3' 
(SEQ ID NO: 19) and 5'-CCTGACTCCAGGGAGAACTG 
3' (SEQ ID NO: 20) (FGFR4): 5'-AGCCCTCGAAAGAT 
GACTGA-3' (SEQID NO: 21) and 5'-ACAAACCAGCCAT 
TCTCCAC-3' (SEQ ID NO: 22) (Klotho); and 
5'-GTGGGGGATGAGGCCCAGAG-3' (SEQ ID NO. 23) 
and 5'-AGCTGTGGTGGTGAAACTGT-3' (SEQ ID NO: 
24) (B-actin). PCR products were resolved on 2% agarose 
gels containing ethidium bromide. 
Measurement of Phosphate in Serum and Urine of Rodents 
The phosphaturic activity of FGF23'' was examined in 

~6-week old C57BL/6 mice by a published protocol (Goetzet 
al., “Molecular Insights into the Klotho-dependent, Endo 
crine Mode of Action of Fibroblast Growth Factor 19 Sub 
family Members.” Mol Cell Biol 27 (9):3417-3428 (2007), 
which is hereby incorporated by reference in its entirety). 
FGF23??, FGF23??, or vehicle were injected IP into 
the animals. Each mouse received two injections at 8 h inter 
vals, of 5ug of protein per injection. Before the first injection 
and 8 h after the second injection, blood was drawn by cheek 
pouch bleeding and spun at 3,000xg for 10 min to obtain 
serum. Serum phosphate levels were determined using Phos 
phorus Liqui-UV reagent (Stanbio Laboratory). 
The anti-phosphaturic activity of FGF23 C-terminal pep 

tides was examined in normal Sprague-Dawley rats and in 
Hyp mice, a mouse model of human X-linked hypophos 
phatemia (XLH) (Becket al., “Pex/PEX Tissue Distribution 
and Evidence for a Deletion in the 3' Region of the Pex Gene 
in X-linked Hypophosphatemic Mice. J Clin Invest 99(6): 
1200-1209 (1997), Eicheret al., “Hypophosphatemia: Mouse 
Model for Human Familial Hypophosphatemic (Vitamin 
D-resistant) Rickets.” Proc Natl AcadSci USA 73(12):4667 
4671 (1996), Stromet al., “Pex Gene Deletions in Gy and Hyp 
Mice Provide Mouse Models for X-linked Hypophos 
phatemia,” Hum Mol Genet 6(2):165-171 (1997), which are 
hereby incorporated by reference in their entirety). The ani 
mals were fed a complete, fixed formula diet containing 
0.94% phosphate. Anesthetized rats (220-250 g body weight) 
were administered IV either FGF23''' (0.1 ug kg body 
weight') or FGF23 '''' (0.1 ug kg body weight') or 
vehicle. Before and 3 h after the injection, blood was drawn 
from the carotid artery and urine was collected through blad 
der catheterization. Plasma and urine chemistry of animals 
were analyzed using Vitros Chemistry Analyzer (Ortho 
Clinical Diagnosis). 10- to 15-week old Hyp mice were fasted 
for 8-12h before administering IP either FGF23''' (1 mg) 
or FGF23 '''' (860 ug) or vehicle. Before and 2 h, 4 h, 8 h, 
and 24 h after the injection, urine and serum samples were 
collected. Phosphate concentrations in urine and serum were 
determined using Phosphorus Liqui-UV Test (Stanbio Labo 
ratory), and urine creatinine levels were measured using 
DetectXTM Urinary Creatinine Detection Kit (Luminos As 
says). 
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Analysis of NaP-2A and NaP-2C Protein Abundance in the 
Apical Brush Border Membrane of Renal Proximal Tubule 
Epithelium 

Immunoblot analysis of NaP-2A and NaP-2C protein 
abundance in renal cortex tissue and isolated brush border 
membrane vesicles (BBMV), and NaP-2A immunostaining 
of renal tissue were performed as described (Bacic et al., 
“Activation of Dopamine D1-like Receptors Induces Acute 
Internalization of the Renal Na/phosphate Cotransporter 
NaPi-IIa in Mouse Kidney and OK cells.” Am J Physiol Renal 
Physiol 288(4):F740-747 (2005), Loffinget al., “Renal Na/H 
Exchanger NHE-3 and Na PO. Cotransporter NaP-2 Pro 
tein Expression in Glucocorticoid Excess and Deficient 
States.”JAmSoc. Nephrol 9(9): 1560-1567 (1998), Moe et al., 
“Dietary NaCl Modulates Na(+)-H+ Antiporter Activity in 
Renal Cortical Apical Membrane Vesicles. Am J Physiol 
260(1 Pt 2):F130-137 (1991), which are hereby incorporated 
by reference in their entirety). 

For immunoblot, rat kidney cortices were dissected and 
homogenized, and BBMV were isolated (Loffing et al., 
“Renal Na/H Exchanger NHE-3 and Na PO. Cotransporter 
NaP-2 Protein Expression in Glucocorticoid Excess and 
Deficient States.” JAm Soc. Nephrol 9(9): 1560-1567 (1998), 
Moe et al., “Dietary NaCl Modulates Na(+)-H+ Antiporter 
Activity in Renal Cortical Apical Membrane Vesicles. Am J 
Physiol 260(1 Pt 2):F130-137 (1991), which are hereby 
incorporated by reference in their entirety). 30 g of cortical/ 
BBMV protein was solubilized in Laemmli sample buffer, 
fractionated by SDS-PAGE, transferred to PVDF membrane 
and labeled using polyclonal rabbit antibody for NaP-2A or 
-2C (kind gift from Drs. J. Biber and H. Murer, University of 
Zürich, Switzerland) (1:3,000 dilution) and monoclonal 
mouse antibody for B-actin (1:5,000 dilution). For immuno 
histochemistry, rat kidneys were fixed in situ with perfusion 
of 2.5% paraformaldehyde via distal aorta of renal arteries 
before nephrectomy. In some experiments, kidneys were har 
vested and directly frozen in Tissue TeKROCT using liquid 
nitrogen, and cryosections (4 um) were prepared and pro 
cessed for immunofluorescent staining (Bacic et al., “Activa 
tion of Dopamine D1-like Receptors Induces Acute Internal 
ization of the Renal Na/phosphate Cotransporter NaPi-IIain 
Mouse Kidney and OK cells. Am J Physiol Renal Physiol 
288(4):F740-747 (2005), which is hereby incorporated by 
reference in its entirety). Sections were incubated with poly 
clonal rabbit antibody for NaP-2A (1:300 dilution; kind gift 
from Dr. J. Biber) followed by secondary antibodies conju 
gated to rhodamine (Molecular Probes). For NaP-2A/B-actin 
double staining, the sections were then incubated with fluo 
rescein isothiocyanate-phalloidin (1:50) (Molecular Probes) 
to stain B-actin filaments. Sections were visualized with a 
Zeiss LSM510 microscope. 
Statistical Analysis 

Data are expressed as the meant-SE (n-6 or more). Statis 
tical analysis was performed using Student's unpaired or 
paired t-test, or using analysis of variance (ANOVA) when 
applicable. A value of Ps0.05 was considered as statistically 
significant. 

Example 1 

C-Terminal Tail of FGF23 Mediates Binding of 
FGF23 to a De Novo Site at the Composite 

FGFR1c-Klotho Interface 

To understand how FGF23, FGFR and Klotho interact to 
form a ternary complex, the ternary complex was reconsti 
tuted in solution using bioactive, full-length FGF23 
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(FGF23’’: FIG. 1A), and the soluble ectodomains of 
FGFR1c and Klotho. The binary complex of FGFR1c 
ectodomain with Klotho ectodomain was formed by captur 
ing the Klotho ectodomain onto an FGFR1c affinity column 
from conditioned media of a HEK293 cell line ectopically 
expressing the Klotho ectodomain (Kurosu et al., “Regulation 
of Fibroblast Growth Factor-23 Signaling by Klotho, J Biol 
Chem 281 (10):6120-6123 (2006), which is hereby incorpo 
rated by reference in its entirety). The FGFR1c-Klotho com 
plex was further purified by size-exclusion chromatography 
to remove excess FGFR1c (FIG. 1B). Next, the FGFR1c 
Klotho complex was mixed with FGF23’’, and ternary 
complex formation was examined by size-exclusion chroma 
tography. As shown in FIG. 1C, FGF23 co-eluted with the 
FGFR1c-Klotho complex demonstrating that the 
ectodomains of FGFR1c and Klotho are sufficient to form a 
stable ternary complex with FGF23. 
The size-exclusion data showing that Klotho and FGFR1c 

ectodomains form a stable binary complex (FIG. 1B) indicate 
that Klotho must harbor a high affinity binding site for 
FGFR1c. To further confirm this, surface plasmon resonance 
(SPR) spectroscopy was used to determine the dissociation 
constant of the FGFR1c-Klotho interaction. Klotho 
ectodomain was immobilized on a biosensor chip, and 
increasing concentrations FGFR1c ectodomain were passed 
over the chip. Consistent with the results obtained using size 
exclusion chromatography (FIG.1B), Klotho bound FGFR1c 
with high affinity (K–72 nM; FIG. 1D). Because Klotho 
harbors a high affinity binding site for FGFR1c, it was rea 
soned that Klotho might also possess a distinct high affinity 
binding site for FGF23, and promote FGF23-FGFR1c bind 
ing by engaging FGF23 and FGFR1c simultaneously. To test 
this, FGF23 was coupled to a biosensor chip, and 
increasing concentrations of Klotho ectodomain were passed 
over the chip. As shown in FIG. 1F, Klotho bound poorly to 
FGF23°. These data demonstrate that the Klotho 
ectodomain contains a high affinity binding site for FGFR1c 
but not for FGF23. 

Next, binding of FGF23 to FGFR1c was measured by 
injecting increasing concentrations of FGFR1c over the 
FGF23 chip. As shown in FIG. 1G, FGF23’ exhibited 
poor binding to FGFR1c. Thus, the SPR data show that 
FGF23 exhibits poor binding affinity for both the Klotho 
ectodomain alone and the FGFR1c ectodomain alone. 
Together with the size-exclusion chromatography data show 
ing that FGF23 binds stably to the purified binary FGFR1c 
Klotho complex, the data raised the question whether FGF23 
binds to a de novo site generated at the composite FGFR1c 
Klotho interface. To test this, FGFR1c-Klotho complex was 
purified as described above, and increasing concentrations of 
the binary complex were passed over the FGF23 chip. As 
shown in FIG.1E, FGF23’’ bound to the FGFR1c-Klotho 
complex demonstrating that FGF23 interacts with a de novo 
site generated at the composite FGFR1c-Klotho interface. 

It was then examined whether the C-terminal tail of FGF23 
mediates binding of FGF23 to the FGFR1c-Klotho complex. 
To test this, the C-terminal tail peptide of FGF23 (FGF23 
251, FIG. 1A) was coupled to a biosensor chip and increasing 
concentrations of FGFR1c-Klotho complex were passed over 
the chip. As shown in FIG. 2A, FGF23 '''' avidly bound to 
the binary complex. Size-exclusion chromatography and co 
immunoprecipitation experiments yielded similar results 
supporting the SPR data (FIGS. 2B, C, and D). 
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Example 2 

C-Terminal Tail of FGF23 Competes with 
Full-Length FGF23 for Binding to the Binary 

FGFR-Klotho Complex 

To fully nail down that the C-terminal tail of FGF23 medi 
ates FGF23 binding to the binary FGFR1c-Klotho complex, a 
fixed concentration of FGFR1c-Klotho was mixed with 
increasing concentrations of FGF23'''', and the mixtures 
were passed over the FGF23 chip. Mixtures of FGF23''' 
with FGFR1c-Klotho were used as a control. As shown in 
FIGS. 3A and D, FGF23'''' competed, in a dose-depen 
dent fashion, with FGF23’’ for binding to the FGFR1c 
Klotho complex. Half-maximum inhibition of FGFR1c 
Klotho binding to FGF23'' was reached with a 3.3-fold 
molar excess of FGF23 '''' over FGFR1c-Klotho complex 
(FIG. 3D). As expected, less than an equimolar amount of 
FGF23° relative to FGFR1c-Klotho complex already 
yielded 50% inhibition of binding of the binary complex to 
immobilized FGF23 (FIGS. 3C and D). Similar results 
were obtained using the “reverse' SPR assay format, where 
FGF23 '''' was immobilized on a chip and mixtures of a 
fixed concentration of FGFR1c-Klotho complex with 
increasing concentrations of FGF23 were passed over 
the chip (FIG.3E). Mixtures of FGF23 with FGFR1c 
Klotho were used as a control (FIG.3F). To verify the speci 
ficity of the interaction between the FGF23 C-terminal tail 
and the FGFR1c-Klotho complex, the C-terminal tail peptide 
of FGF21 and FGFR1c-Klotho were mixed at molar ratios of 
6:1 and 10:1, and the mixtures were injected over a FGF23 
chip. As shown in FIG. 3G, FGF21''' failed to inhibit 
binding of the FGFR1c-Klotho complex to immobilized 
FGF23'''. In addition, the ability of the FGF23 C-terminal 
tail peptide to interfere with binary complex formation 
between BKlotho and either FGF19 or FGF21 was tested, as 
was its ability to interfere with ternary complex formation 
between BKlotho, FGFR, and either FGF19 or FGF21. 
FGF19° and FGF21’’ were coupled to a biosensor 
chip, and a 2:1 mixture of FGF23'''' and BKlotho 
ectodomain was injected over the chip. As shown in FIGS. 4A 
and B, FGF23 '''' failed to inhibit binding of BKlotho to 
immobilized FGF19 or FGF21. Likewise, a 10-fold molar 
excess of FGF23'''' over FGFR1c-BKlotho did not affect 
binding of the FGFR1c-3Klotho complex to immobilized 
FGF19 or FGF21 (FIGS. 4C and D). A co-immunoprecipita 
tion based competition assay also confirmed that the C-ter 
minal tail peptide of FGF23 can inhibit binding of FGF23 to 
its binary cognate FGFR-Klotho complex (FIG. 3H). 
Together, the data unambiguously demonstrate that the C-ter 
minal tail of FGF23 harbors the binding site for the binary 
FGFR-Klotho complex and hence is essential for formation 
of the ternary FGF23-FGFR-Klotho complex. Importantly, 
the binding data unveil that proteolytic cleavage at the 
'7RXXR'7 motif (SEQID NO:1) abrogates FGF23 activity 
by removing the binding site for the binary FGFR-Klotho 
complex that resides in the C-terminal tail of FGF23. 

Example 3 

Residues S180 to T200 of the C-terminal Tail of 
FGF23 Comprise the Minimal Binding Epitope for 

the FGFR-Klotho Complex 

In follow-up studies, it was found that FGF23?', which 
lacks the last 51 C-terminal amino acids, still retains the 
ability to co-immunoprecipitate with the binary FGFR 
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Klotho complex (FIG. 2D). The finding suggested that 
FGF23°' may have similar biological activity as the full 
length protein. To test this, the ability of FGF23' and 
FGF23 '' to induce tyrosine phosphorylation of FGF 
receptor substrate 2C. (FRS2C) and downstream activation of 
MAP kinase cascade in Klotho-expressing cultured cells, and 
to induce phosphaturia in mice, was examined. As shown in 
FIG. 5A, FGF23 induced phosphorylation of FRS2o. 
and downstream activation of MAP kinase cascade at a dose 
comparable to that of FGF23°. The truncated FGF23 was 
also nearly as effective as the full-length ligand in reducing 
serum phosphate concentration in healthy C57BL/6 mice 
(FIG. 5B). These data show that deletion of the last 51 amino 
acids from the FGF23 C-terminus has little effect on FGF23 
biological activity, narrowing down the epitope on the FGF23 
C-terminal tail for the composite FGFR-Klotho interface to 
residues S180 and T200. Indeed, a FGF23 peptide compris 
ing the minimal binding epitope for FGFR-Klotho 
(FGF23''': FIG. 1A) was able to compete, in a dose 
dependent fashion, with FGF23’’ for binding to the 
binary FGFR1c-Klotho complex (FIG. 3B). Half-maximum 
inhibition of FGFR1c-Klotho binding to FGF23’’ was 
reached with a 5.7-fold molar excess of FGF23''' over 
FGFR1c-Klotho complex (FIG. 3D). Similarly, in a co-im 
munoprecipitation based competition assay, the 
FGF23'''peptide was able to inhibit binding of FGF23 to 
the binary complexes of its cognate FGFR and Klotho (FIG. 
5C). The data also explain the finding by Garringer and col 
leagues showing that residues P189 to P203 are required for 
FGF23 signaling (Garringer et al., “Molecular genetic and 
biochemical analyses of FGF23 mutations in familial tumoral 
calcinosis.” Am J Physiol Endocrinol Metab 295(4):E929 
937 (2008), which is hereby incorporated by reference in its 
entirety). 

Example 4 

FGF23 C-Terminal Peptides Block FGF23 Signaling 

Based on these data, it was postulated that FGF23''' 
and FGF23''' should antagonize FGF23 signaling by 
competing with full-length FGF23 for binding to the FGFR 
Klotho complex. To test this, cells stably overexpressing 
Klotho were stimulated with FGF23’’ alone or 
FGF23 mixed with increasing concentrations of either 
FGF23 '''' or FGF23. As shown in FIGS. 6A and B, 
both peptides inhibited, in a dose-dependent fashion, FGF23 
induced tyrosine phosphorylation of FRS2C. and downstream 
activation of MAP kinase cascade. 
To test the specificity of the FGF23 antagonists, the ability 

of the FGF23 '''' peptide to inhibit signaling of FGF2, a 
prototypical paracrine-acting FGF, which does not require 
Klotho for signaling was examined. As shown in FIG. 6C, the 
FGF23 antagonist failed to inhibit tyrosine phosphorylation 
of FRS2C. and downstream activation of MAP kinase cascade 
induced by FGF2. These data show that FGF23 C-terminal 
peptides specifically block FGF23 signaling. 

Example 5 

FGF23 C-Terminal Peptides Antagonize the 
Inhibitory Effect of FGF23 on Sodium-Coupled 
Phosphate Uptake by Renal Proximal Tubule 

Epithelial Cells 

In renal proximal tubule epithelium, FGF23 signaling 
leads to inhibition of phosphate uptake. To establish further 
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that FGF23 C-terminal peptides block FGF23 action, the 
effects of the peptides on Sodium-coupled phosphate uptake 
in a proximal tubular cell model were studied. As shown in 
FIG. 7A, FGF23 '''' antagonized the inhibition of phos 
phate uptake by FGF23 in a dose-dependent fashion, 
with an ICs of about 21 nM. FGF23 '' exhibited a simi 
lar, albeit less potent antagonistic effect (FIG. 7B). As 
expected, neither of the two FGF23 C-terminal peptides 
altered phosphate uptake when applied alone (FIGS. 7A and 
B). 

Example 6 

FGF23 C-Terminal Peptides Antagonize 
Phosphaturic Activity of FGF23 in Healthy Rats 

These findings led to in vivo studies and an investigation of 
whether the FGF23 C-terminal peptides antagonize the phos 
phaturic effects of endogenous FGF23. An IV injection of 
FGF23'''' into healthy Sprague-Dawley rats led to renal 
phosphate retention, and hyperphosphatemia (FIG. 8), Sug 
gesting that FGF23 C-terminal peptides antagonize the phos 
phaturic action of endogenous FGF23. As expected, injection 
of FGF23’’ induced increases in excretion rate and frac 
tional excretion of phosphate, andled to a significant decrease 
in plasma phosphate compared to vehicle-treated animals 
(FIG. 8). 
FGF23 exerts its phosphaturic activity by inhibiting phos 

phate uptake by renal proximal tubule epithelium. The effect 
has been attributed to reduced transport activity of NaP-2A 
and NaP-2C, reduced amount of NaP-2A and NaP-2C pro 
teins in the apical brush border membrane, and at the more 
chronic level, repression of the NaP-2A and NaP-2C genes 
(Baumet al., “Effect of Fibroblast Growth Factor-23 on Phos 
phate Transportin Proximal Tubules.” Kidney Int 68(3):1148 
1153 (2005), Perwad et al., “Fibroblast Growth Factor 23 
Impairs Phosphorus and Vitamin D Metabolism In Vivo and 
Suppresses 25-hydroxyvitamin D-1alpha-hydroxylase 
Expression. In Vitro.” Am J Physiol Renal Physiol 293(5): 
F1577-1583 (2007), Yamashita et al., “Fibroblast Growth 
Factor (FGF)-23 Inhibits Renal Phosphate Reabsorption by 
Activation of the Mitogen-activated Protein Kinase Path 
way, J Biol Chem 277(31):28265-28270 (2002), Larsson et 
al., “Transgenic mice expressing fibroblast growth factor 23 
under the control of the alpha1 (I) collagen promoter exhibit 
growth retardation, osteomalacia, and disturbed phosphate 
homeostasis.” Endocrinology 145(7):3087-3094 (2004), 
Segawa et al., “Effect of hydrolysis-resistant FGF23-R179Q 
on dietary phosphate regulation of the renal type-II Na/Pi 
transporter.” Pflugers Arch 446(5):585-592 (2003), which are 
hereby incorporated by reference in their entirety). The abun 
dance of NaP-2A protein in brush border membrane vesicles 
isolated from the kidneys of rats was examined An IV injec 
tion of FGF23 '''' into healthy rats led to an increase in 
NaP-2A protein expression in the apical brush border mem 
brane compared to vehicle treatment (FIGS. 9A and B). The 
peptide exhibited similar effects on the NaP-2C protein (FIG. 
9C). As expected, injection of FGF23?' led to a decrease 
in NaP-2A protein expression (FIGS. 9A and B). These find 
ings establish that FGF23 C-terminal peptides counteract or 
cancel out FGF23's phosphaturic action mediated through 
NaP-2A and NaP-2C. 

Example 7 

FGF23 C-terminal Peptides Antagonize Phosphaturic 
Activity of FGF23 in a Mouse Model of Renal 

Phosphate Wasting 

To evaluate the therapeutic potential of FGF23 '''' for 
treating renal phosphate wasting, the peptide’s efficacy in 
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Hyp mice, a mouse model of XLH (Anonymous. “A Gene 
(PEX) with Homologies to Endopeptidases is Mutated in 
Patients with X-linked Hypophosphatemic Rickets. The HYP 
Consortium.” Nat Genet 11(2): 130-136 (1995); Becket al., 
“PeX/PEX Tissue Distribution and Evidence for a Deletion in 
the 3' Region of the Pex Gene in X-linked Hypophosphatemic 
Mice.” J Clin Invest 99(6):1200-1209 (1997); Eicher et al., 
“Hypophosphatemia: Mouse Model for Human Familial 
Hypophosphatemic (Vitamin D-resistant) Rickets.” Proc 
Natl AcadSci USA 73(12):4667-4671 (1996); Strom et al., 
“Pex Gene Deletions in Gy and Hyp Mice Provide Mouse 
Models for X-linked Hypophosphatemia. Hum Mol Genet 
6(2):165-171 (1997), which are hereby incorporated by ref. 
erence in their entirety) was analyzed. XLH is an inherited 
phosphate wasting disorder associated with high FGF23, 
which is thought to be due to reduced clearance of FGF23 
from the circulation. Excess FGF23 causes increased phos 
phate excretion resulting in hypophosphatemia. As shown in 
FIG.10, an IP injection of FGF23 '''' induced a decrease in 
renal phosphate excretion in Hyp mice compared to vehicle 
treatment. The effect persisted for at least four hours post 
injection. Concomitantly, serum phosphate levels were 
elevated by the FGF23 antagonist treatment (FIG. 10). Like 
wise, an IP injection of the FGF23''' peptide, which 
comprises the minimal binding epitope for the composite 
FGFR-Klotho interface, caused an increase in serum phos 
phate in Hyp mice compared to vehicle-treated animals (FIG. 
10). These results show that FGF23 C-terminal peptides are 
effective in attenuating renal phosphate wasting caused by 
excess FGF23. 

In the present invention, it was demonstrated that the pro 
teolytic cleavage at the RXXR (SEQID NO:1) motif down 
regulates FGF23 activity by a dual mechanism: by removing 
FGF23's binding site for the binary FGFR-Klotho complex, 
and by generating an endogenous inhibitor of FGF23. This 
regulatory mechanism was exploited to develop a FGF23 
antagonist with therapeutic potential for hypophosphatemia 
associated with elevated or normal FGF23. 

Patients with phosphate wasting disorders are generally 
treated symptomatically, with oral phosphate Supplementa 
tion and 1,25-dihydroxyvitamin D./calcitriol. As alluded to 
in the background, oral phosphate therapy can be poorly 
tolerated, and in certain circumstances can induce hyperpar 
athyroidism and poses risk of exacerbation of hypophos 
phatemia. In patients with XLH, the persistent and even exag 
gerated renal phosphate wasting during therapy can cause 
nephrocalcinosis and nephrolithiasis. For patients with renal 
phosphate wasting from tumor-induced osteomalacia, a caus 
ative treatment option exists, which is resection of the tumor 
producing excess amounts of phosphaturic hormone. These 
tumors are often difficult to locate, however, or the tumors are 
found in locations that are difficult to access, leaving most 
patients with tumor-induced osteomalacia also currently with 
no options other than symptomatic therapy (van Boekeletal. 
“Tumor Producing Fibroblast Growth Factor 23 Localized by 
Two-staged Venous Sampling. Eur J Endocrinol 158(3): 
431–437 (2008); Jan de Beur S. M., “Tumor-induced Osteo 
malacia.” JAMA 294(10): 1260-1267 (2005), which are 
hereby incorporated by reference in their entirety). Since 
excess FGF23 is the pathogenic factor in phosphate wasting 
disorders, blocking its action with FGF23 C-terminal pep 
tides holds promise of providing the first causative pharma 
cotherapy. 

In a mouse model of phosphate wasting disorders, it has 
been shown that FGF23 C-terminal peptides are effective in 
counteracting the phosphaturic action of FGF23. The present 
invention warrants furtherevaluation of the peptides’ efficacy 
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in nonhuman primates, and eventually, in humans. Neutral 
izing FGF23 activity with antibody provides an alternative 
approach for treating renal phosphate wasting. Indeed, Aono, 
Yamazaki and colleagues have explored this approach, and 
developed antibodies against FGF23 that effectively neutral 
ize FGF23 activity in both healthy mice and Hyp mice 
(Yamazaki et al., “Anti-FGF23 Neutralizing Antibodies 
Show the Physiological Role and Structural Features of 
FGF23, "J Bone Miner Res 23(9): 1509-1518 (2008), Aono et 
al., “Therapeutic Effects of Anti-FGF23 Antibodies in Hypo 
phosphatemic Rickets/Osteomalacia.” J Bone Miner Res, 
published online May 5, DOI 10.1359/jmbr.090509 (2009), 
which are hereby incorporated by reference in their entirety). 

While it has been conclusively demonstrated that the phos 
phaturic activity of FGF23 is Klotho-dependent (Nakatani et 
al., “Inactivation of klotho function induces hyperphos 
phatemia even in presence of high serum fibroblast growth 
factor 23 levels in a genetically engineered hypophos 
phatemic (Hyp) mouse model.” FASEBJ 23(11):3702-3711 
(2009), which is hereby incorporated by reference in its 
entirety), the possibility that FGF23 may have some Klotho 
independent functions has not yet been ruled out experimen 
tally. In this regard, the present invention of an inhibitory 
peptide approach may offer a more targeted therapy for hypo 
phosphatemia than anti-FGF23 antibodies as FGF23 C-ter 
minal peptides specifically target the binary FGFR-Klotho 
complex and hence only neutralize Klotho-dependent func 
tion of FGF23. In contrast, the antibody approach does not 
discriminate between Klotho-dependent and -independent 
functions of FGF23. The FGF23 C-terminal peptides can also 
serve as an experimental tool to dissect Klotho-dependent and 
-independent functions of FGF23. The ability of the FGF23 
C-terminal peptides to specifically recognize the binary 
receptor complex makes them a powerful tool to image tis 
sues that express the cognate FGFR-Klotho complexes of 
FGF23. 

Hypophosphatemia complicates a wide variety of condi 
tions such as the refeeding syndrome, diabetic ketoacidosis, 
asthma exacerbations and chronic obstructive pulmonary dis 
ease, and recovery from organ (particularly, kidney) trans 
plantation (Gaasbeek et al., “Hypophosphatemia: An Update 
on its Etiology and Treatment. Am J Med 118(10): 1094 
1101 (2005); Miller et al., “Hypophosphatemia in the Emer 
gency Department Therapeutics.” Am J Emerg Med 18(4): 
457-461 (2000); Marinella M.A., “Refeeding Syndrome and 
Hypophosphatemia. J Intensive Care Med 2003): 155-159 
(2005), which are hereby incorporated by reference in their 
entirety). Indeed, hypophosphatemia complicating recovery 
from kidney transplantation, and parenteral iron therapy has 
been associated with increased plasma levels of FGF23 (Bhan 
et al., “Post-transplant hypophosphatemia: Tertiary Hyper 
Phosphatoninism?” Kidney Int 70(8): 1486-1494 (2006), 
Evenepoel et al., “Tertiary Hyperphosphatoninism accentu 
ates hypophosphatemia and Suppresses calcitriol levels in 
renal transplant recipients. Am J Transplant 7(5):1193-1200 
(2007), Kawarazaki et al., “Persistent high level of fibroblast 
growth factor 23 as a cause of post-renal transplant hypophos 
phatemia,” Clin Exp Nephrol 11(3):255-257 (2007), Trom 
betti et al., “FGF-23 and post-transplant hypophosphatemia: 
evidence for a causal link abstract number Su168 presented 
at the 30" Annual Meeting of the American Society for Bone 
and Mineral Research (2008), Schouten et al., “FGF23 eleva 
tion and hypophosphatemia after intravenous iron polymal 
tose: a prospective study. J Clin Endocrinol Metab 94(7): 
2332-2337 (2009), Shouten et al., “Iron polymaltose-induced 
FGF23 elevation complicated by hypophosphataemic osteo 
malacia.” Ann Clin Biochem 46(2):167-169 (2009), Shimizu 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

48 
et al., “Hypophosphatemia induced by intravenous adminis 
tration of saccharated ferric oxide: another form of FGF23 
related hypophosphatemia. Bone 45(4):814-816 (2009), 
which are hereby incorporated by reference in their entirety). 
Thus, the FGF23 antagonist discovered in the present inven 
tion may be of therapeutic value for a much broader collection 
of patients than phosphate wasting disorders alone. The abil 
ity of FGF23 C-terminal peptides to enhance renal phosphate 
retention in normal rats ushers in the option of using these 
peptides therapeutically in hypophosphatemic conditions 
where FGF23 is not the primary cause of hypophosphatemia, 
and not down-regulated as a compensatory mechanism. 

Another indication for therapy with FGF23 C-terminal 
peptides, which would target still more patients than disor 
ders complicated by hypophosphatemia, is chronic kidney 
disease, a condition with a growing incidence, currently 
affecting nearly 26 million people in the United States alone. 
Plasma levels of FGF23 increase as kidney function declines 
in patients with chronic kidney disease (CKD) (Larsson et al., 
“Circulating Concentration of FGF-23 Increases as Renal 
Function Declines in Patients with Chronic Kidney Disease, 
But Does Not Change in Response to Variation in Phosphate 
Intake in Healthy Volunteers.” Kidney Int 64(6):2272-2279 
(2003), which is hereby incorporated by reference in its 
entirety), likely as a compensatory response to enhanced 
phosphate retention, and top 1000-fold of normal levels in 
patients with end-stage CKD (Gutierrez et al., “Fibroblast 
Growth Factor 23 and Mortality Among Patients Undergoing 
Hemodialysis.” NEngl.JMed359(6):584-592 (2008); Jeanet 
al., “High Levels of Serum Fibroblast Growth Factor (FGF)- 
23 are Associated with Increased Mortality in Long Haemo 
dialysis Patients.” Nephrol Dial Transplant 24(9):2792-2796 
(2009), which are hereby incorporated by reference in their 
entirety). The gradual increases in plasma FGF23 correlate 
with disease progression (Fliser et al., “Fibroblast Growth 
Factor 23 (FGF23) Predicts Progression of Chronic Kidney 
Disease: the Mild to Moderate Kidney Disease (MMKD) 
Study,” J. AmSoc. Nephrol 18(9):2600-2608 (2007); Wester 
berg et al., “Regulation of Fibroblast Growth Factor-23 in 
Chronic Kidney Disease. Nephrol Dial Transplant 22(11): 
3202-3207 (2007), which are hereby incorporated by refer 
ence in their entirety), including Suppression of 1.25-vitamin 
D production and development of secondary hyperparathy 
roidism (Nakanishi et al., “Serum Fibroblast Growth Factor 
23 Levels Predict the Future Refractory Hyperparathyroid 
ism in Dialysis Patients.” Kidney Int 67(3):1171-1178 (2005): 
Shigematsu et al., “Possible Involvement of Circulating 
Fibroblast Growth Factor 23 in the Development of Second 
ary Hyperparathyroidism Associated with Renal Insuffi 
ciency. Am J Kidney Dis 44(2): 250-256 (2004), which are 
hereby incorporated by reference in their entirety). Moreover, 
increased circulating FGF23 has emerged as an independent 
risk factor for cardiovascular disease and mortality in CKD 
(Gutierrez et al., “Fibroblast Growth Factor 23 and Mortality 
Among Patients Undergoing Hemodialysis.” N Engll Med 
359(6):584-592 (2008); Jean et al., “High Levels of Serum 
Fibroblast Growth Factor (FGF)-23 are Associated with 
Increased Mortality in Long Haemodialysis Patients. Neph 
rol Dial Transplant 24(9):2792-2796 (2009); Gutierrez et al., 
“Fibroblast Growth Factor 23 and Left Ventricular Hypertro 
phy in Chronic Kidney Disease.” Circulation 119(19):2545 
2552 (2009); Mirza et al., “Circulating Fibroblast Growth 
Factor-23 is Associated with Vascular Dysfunction in the 
Community.” Atherosclerosis 205(2):385-390 (2009); Mirza 
et al., "Serum Intact FGF23 Associate with Left Ventricular 
Mass, Hypertrophy and Geometry in an Elderly Population.” 
Atherosclerosis 207(2):546-551 (2009); Nasrallah et al., 
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“Fibroblast Growth Factor-23 (FGF-23) is Independently 
Correlated to Aortic Calcification in Haemodialysis Patients.” 
Nephrol Dial Transplant 25 (8):2679-2685 (2010), which are 
hereby incorporated by reference in their entirety), Suggest 
ing that FGF23 is implicated in the pathogenesis of CKD and 
its adverse outcomes. Blocking FGF23 action with FGF23 
C-terminal peptides may prove effective in preventing or 
attenuating the occurrence of disease complications such as 
hyperparathyroidism and vascular calcification. Thus, the 
FGF23 antagonist of the present invention may be of thera 
peutic value for a much broader collection of patients than 
hypophosphatemia due to renal phosphate wasting alone. 

The identification of the FGF23 C-terminal tail as a FGF23 
antagonist Suggests that proteolytic cleavage not only 
removes the binding site on FGF23 for the FGFR-Klotho 
complex, but also generates an endogenous FGF23 antago 
nist. A pathophysiological role of the latter mechanism is 
indicated by familial tumoral calcinosis (FTC), an autosomal 
recessive metabolic disorder with clinical manifestations 
opposing those of phosphate wasting disorders. Missense 
mutations in either the UDP-N-acetyl-C-D-galactosamine: 
polypeptide N-acetylglactosaminyltransferase 3 (GALNT3) 
gene (Garringer et al., “Two Novel GALNT3 Mutations in 
Familial Tumoral Calcinosis. Am J Med Genet A 143A(20): 
2390-2396 (2007): Ichikawa et al., “Tumoral Calcinosis Pre 
senting with Eyelid Calcifications Due to Novel Missense 
Mutations in the Glycosyl Transferase Domain of the 
GALNT3 Gene.” J Clin Endocrinol Metab 91 (11):4472 
4475 (2006); Topazet al., “Mutations in GALNT3, Encoding 
a Protein Involved in O-linked Glycosylation, Cause Familial 
Tumoral Calcinosis.” Nat Genet 36(6):579-581 (2004); 
Dumitrescu et al., “A Case of Familial Tumoral Calcinosis/ 
hyperostosis-hyperphosphatemia Syndrome Due to a Com 
pound Heterozygous Mutation in GALNT3 Demonstrating 
New Phenotypic Features.” Osteoporos Int (2008), which are 
hereby incorporated by reference in their entirety), or the 
FGF23 gene (Araya et al., “A Novel Mutation in Fibroblast 
Growth Factor 23 Gene as a Cause of Tumoral Calcinosis,” J 
Clin Endocrinol Metab 90(10):5523-5527 (2005); Chefetz et 
al., “A Novel Homozygous Missense Mutation in FGF23 
Causes Familial Tumoral Calcinosis Associated with Dis 
seminated Visceral Calcification.” Hum Genet 118(2):261 
266 (2005); Larsson et al., “A Novel Recessive Mutation in 
Fibroblast Growth Factor-23 Causes Familial Tumoral Cal 
cinosis.”J Clin Endocrinol Metab 90(4):2424-2427 (2005): 
Benet-Pages et al., “An FGF23 Missense Mutation Causes 
Familial Tumoral Calcinosis with Hyperphosphatemia.” 
Hum Mol Genet 14(3):385-390 (2005), which are hereby 
incorporated by reference in their entirety), have been asso 
ciated with FTC. All FTC patients have abnormally high 
plasma levels of the C-terminal proteolytic fragment of 
FGF23 (Garringer et al., “Two Novel GALNT3 Mutations in 
Familial Tumoral Calcinosis. Am J Med Genet A 143A(20): 
2390-2396 (2007): Ichikawa et al., “Tumoral Calcinosis Pre 
senting with Eyelid Calcifications Due to Novel Missense 
Mutations in the Glycosyl Transferase Domain of the 
GALNT3 Gene.” J Clin Endocrinol Metab 91 (11):4472 
4475 (2006); Topazet al., “Mutations in GALNT3, Encoding 
a Protein Involved in O-linked Glycosylation, Cause Familial 
Tumoral Calcinosis.” Nat Genet 36(6):579-581 (2004); 
Dumitrescu et al., “A Case of Familial Tumoral Calcinosis/ 
hyperostosis-hyperphosphatemia Syndrome Due to a Com 
pound Heterozygous Mutation in GALNT3 Demonstrating 
New Phenotypic Features.” Osteoporos Int (2008); Araya et 
al., “A Novel Mutation in Fibroblast Growth Factor 23 Gene 
as a Cause of Tumoral Calcinosis. J Clin Endocrinol Metab 
90(10):5523-5527 (2005); Chefetz et al., “A Novel Homozy 
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gous Missense Mutation in FGF23 Causes Familial Tumoral 
Calcinosis Associated with Disseminated Visceral Calcifica 
tion.” Hum Genet 118(2):261-266 (2005); Larsson et al., “A 
Novel Recessive Mutation in Fibroblast Growth Factor-23 
Causes Familial Tumoral Calcinosis. J Clin Endocrinol 
Metab 90(4):2424-2427 (2005), which are hereby incorpo 
rated by reference in their entirety). The present invention 
Suggests that excess C-terminal FGF23 fragment may aggra 
vate hyperphosphatemia, and the resulting soft tissue calcifi 
cation, by antagonizing the action of any residual, functional 
FGF23 ligand in these patients. 

There has been a conundrum Surrounding the mechanism 
ofaction of FGF23 in the kidney because Klotho is expressed 
in the distal convoluted tubule (Kato et al., “Establishment of 
the anti-Klotho monoclonal antibodies and detection of 
Klotho protein in kidneys. Biochem Biophy's Res Commun 
267(2):597-602 (2000), Li et al., “Immunohistochemical 
localization of Klotho protein in brain, kidney, and reproduc 
tive organs of mice.” Cell Struct Funct 29(4):91-99 (2004), 
Tsujikawa et al., “Klotho, a gene related to a syndrome resem 
bling human premature aging, functions in a negative regu 
latory circuit of vitamin D endocrine system. Mol Endo 
crinol 17(12):2393-2403 (2003), which are hereby 
incorporated by reference in their entirety), whereas FGF23 
inhibits phosphate reabsorption in the proximal tubule (Baum 
et al., “Effect of fibroblast growth factor-23 on phosphate 
transport in proximal tubules. Kidney Int 68(3):1148-1153 
(2005), Perwad et al., “Fibroblast growth factor 23 impairs 
phosphorus and vitamin D metabolism in vivo and Suppresses 
25-hydroxyvitamin D-1alpha-hydroxylase expression in 
vitro Am J Physiol Renal Physiol 293(5):F1577-F1583 
(2007), Larsson et al., “Transgenic mice expressing fibroblast 
growth factor 23 under the control of the alpha1 (I) collagen 
promoter exhibit growth retardation, osteomalacia, and dis 
turbed phosphate homeostasis. Endocrinology 145(7):3087 
3094 (2004), which are hereby incorporated by reference in 
their entirety). A recent study Suggested that FGF23 signaling 
initiates in the distal tubule and its effects are then transmitted 
to the proximal tubule through an unknown diffusible para 
crine factor (Farrow et al., “Initial FGF23-mediated signaling 
occurs in the distal convoluted tubule. J Am Soc Nephrol 
20(5):955-960 (2009), which is hereby incorporated by ref 
erence in its entirety). In addition to the membrane-bound 
isoform of Klotho, alternative splicing and proteolytic cleav 
age give rise to two soluble isoforms of Klotho found in the 
circulation (Imura et al., “Secreted Klotho protein in sera and 
CSF: implication for post-translational cleavage in release of 
Klotho protein from cell membrane.” FEBS Lett 565(1-3): 
143-147 (2004), Kurosu et al., “Suppression of aging in mice 
by the hormone Klotho.” Science 309(5742):1829-1833 
(2005), Matsumura et al., “Identification of the human klotho 
gene and its two transcripts encoding membrane and secreted 
klotho protein. Biochem Biophy's Res Commun 242(3):626 
630 (1998), Shiraki-Iida et al., “Structure of the mouseklotho 
gene and its two transcripts encoding membrane and secreted 
protein.” FEBS Let 424(1-2):6-10 (1998), which are hereby 
incorporated by reference in their entirety). Importantly, the 
recombinant Klotho ectodomain that was used to reconstitute 
the ternary FGF23-FGFR-Klotho complex in vitro corre 
sponds to the complete ectodomain of Klotho that is shed into 
the circulation by a proteolytic cleavage at the juncture 
between the extracellular domain and transmembrane 
domain (Imura et al., “Secreted Klotho protein in sera and 
CSF: implication for post-translational cleavage in release of 
Klotho protein from cell membrane.” FEBS Lett 565(1-3): 
143-147 (2004), Kurosu et al., “Suppression of aging in mice 
by the hormone Klotho.” Science 309(5742):1829-1833 
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(2005), which are hereby incorporated by reference in their 
entirety). Thus, the present invention points to the possibility 
that it is the shed soluble isoform of Klotho that makes its way 
to the proximal tubule to promote formation of FGF23 
FGFR-Klotho ternary complex, and inhibition of phosphate 
reabsorption. 

Example 8 

The Isolated C-Terminal Tail of FGF23 Inhibits 
Renal Phosphate Excretion as an FGF23 Antagonist 

by Displacing FGF23 from its Receptor 

FGF23 is an important phosphaturic hormone. FGF23 
fragments were examined for binding to the binary FGFR 
Klotho complex, FGFR activation, sodium-dependent phos 
phate transport, and phosphate balance. Based on FGF23 
peptides (aa 28-251, 28-179, 28-200, 180-251, and 180-200) 
binding to the binary FGFR-Klotho complex, the binding 
region was localized to aa 180-200 which provides the struc 
tural platform to design agonists and antagonists. Using 
FRS2C. and 44/42 MAP kinase phosphorylation as readouts 
for FGFR activation, it was found that FGF23 was an 
agonist while FGF23 '''' had no activity alone but func 
tioned as an antagonist. Its antagonistic action was mediated 
by competitively displacing FGF23 from its binary cognate 
FGFR-Klotho complex, and the major region of antagonism 
was further refined to aa 180-205. Next it was examined if 

SEQUENCE LISTING 

<16 Os NUMBER OF SEO ID NOS: 24 

SEO ID NO 1 
LENGTH: 4 
TYPE PRT 
ORGANISM: Artificial 
FEATURE; 

OTHER INFORMATION: primer 
FEATURE; 

NAME/KEY: misc feature 
LOCATION: (2) ... (3) 

<4 OOs SEQUENCE: 1 

Arg Xaa Xaa Arg 
1. 

SEO ID NO 2 
LENGTH: 3018 
TYPE: DNA 

ORGANISM: Homo sapiens 
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FGF23 '''' is a functional antagonist in vivo. An IV injec 
tion of FGF23 into normal rats induced hypophos 
phatemia whereas FGF23 '''' induced hyperphos 
phatemia. Excretion rate and fractional excretion of 
phosphate were increased by FGF23 '' but decreased by 
FGF23 ''''. FGF23 diminished the sodium-depen 
dent phosphate transporter proteins NaP-2A and NaP-2C in 
the apical brush border membrane whereas FGF23'''' 
increased NaP-2A and NaP-2C protein expression. To 
ensure that these are direct effects on epithelia of the renal 
proximal tubule, phosphate uptake was studied in proximal 
tubule-like cells. FGF23 C-terminal peptides did not alter 
phosphate uptake by themselves but they completely reversed 
the inhibitory effect of FGF23 on phosphate uptake (aa 180 
251: half max 21 nM; aa 180-205: half max between 100 nM 
and 500 nM). In conclusion, the isolated C-terminal tail of 
FGF23 is an antagonist of FGF23 and induces renal phos 
phate retention. This can provide the foundation for potential 
therapeutic interventions of hypophosphatemia where 
FGF23 is not down-regulated as a compensatory mechanism. 

Although preferred embodiments have been depicted and 
described in detail herein, it will be apparent to those skilled 
in the relevant art that various modifications, additions, Sub 
stitutions, and the like can be made without departing from 
the spirit of the invention and these are therefore considered to 
be within the scope of the invention as defined in the claims 
which follow. 

OTHER INFORMATION: Xaa can be any naturally occurring amino acid 

<4 OOs SEQUENCE: 2 

cggcaaaaag gagggaatcc agtictaggat CCtcacacca gct acttgca agggagaagg 60 

aaaaggc.cag talaggcctgg gccaggagag toccgacagg agtgtcaggt ttcaatctica 12O 

gcaccagc.ca ct cagagcag ggcacgatgt toggggg.ccg cct caggct C tdggtctgtg 18O 

ccttgttgcag cqtctgcago atgagcgtcc to agagccta toccaatgcc tocc cactgc 24 O 

toggctic cag ctggggtggc ctgat coacc ttacacagc cacagcCagg alacagctacc 3 OO 

acctgcagat coacaagaat ggc.catgtgg atggcgcacc cc at Cagacic at ct acagtg 360 

Ccctgatgat Cagat cagag gatgctggct ttgttggtgat tacaggtgtg atgagcagaa 42O 

gatacct citg catggatttic agaggcaa.ca tttittggat.c acactatttic gacccggaga 48O 
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- Continued 

atccagagaa goggaaaattgaaaaaaagat tittagaattt taaaattitt c aaagatttct 

tccatt cata aggagactica atgattittaa ttgat citaga cagaattatt taagtttitat 

caat attgga tittctggit 

<210s, SEQ ID NO 3 
&211s LENGTH: 251 
212. TYPE: PRT 

<213> ORGANISM: Homo sapiens 

<4 OOs, SEQUENCE: 3 

Met Lieu. Gly Ala Arg Lieu. Arg Lieu. 
1. 5 

Cys Ser Met Ser Val Lieu. Arg Ala 

Gly Ser Ser Trp Gly Gly Lieu. Ile 
35 4 O 

Asn Ser Tyr His Leu Glin Ile His 
SO 55 

Pro His Glin Thr Ile Tyr Ser Ala 
65 70 

Gly Phe Val Val Ile Thr Gly Val 
85 

Asp Phe Arg Gly Asn. Ile Phe Gly 

CyS Arg Phe Gln His Gln Thr Lieu 
115 12 O 

Ser Pro Glin Tyr His Phe Leu Val 
13 O 135 

Phe Leu Pro Gly Met Asn Pro Pro 
145 150 

Arg Asn. Glu Ile Pro Lieu. Ile His 
1.65 

His Thr Arg Ser Ala Glu Asp Asp 
18O 

Lieu Lys Pro Arg Ala Arg Met Thr 
195 

Glu Lieu Pro Ser Ala Glu Asp Asn 
21 O 215 

Gly Val Val Arg Gly Gly Arg Val 
225 23 O 

Pro Glu Gly Cys Arg Pro Phe Ala 
245 

<210s, SEQ ID NO 4 
&211s LENGTH: 1814 
&212s. TYPE: DNA 
<213s ORGANISM: Mus musculus 

<4 OOs, SEQUENCE: 4 

gaatctagoc caggat.cccc 

Cagcaagggc C cagoctgtc. 

gctgtgcaat gct agggacc 

gcttgggcac totagagcc 

acct cagttc 

tgggagtgtc. 

tgc cittagac 

tat coggaca 

Trp Val Cys 
1O 

Tyr Pro Asn 
25 

His Leu Tyr 

Lys Asn Gly 

Lieu Met Ile 
7s 

Met Ser Arg 
90 

Ser His Tyr 
105 

Glu ASn Gly 

Ser Lieu. Gly 

Pro Tyr Ser 
155 

Phe Asn. Thir 
17O 

Ser Glu Arg 
185 

Pro Ala Pro 

Ser Pro Met 

Asn. Thir His 
235 

Llys Phe Ile 
250 

t cagott citt 

agatttcaaa 

tCctggtggg 

citt coccatt 

Ala 

Ala 

Thir 

His 
6 O 

Arg 

Arg 

Phe 

Tyr 

Arg 
14 O 

Glin 

Pro 

Asp 

Ala 

Ala 

Ala 

Lell 

Ser 

Ala 
45 

Wall 

Ser 

Asp 

Asp 
125 

Ala 

Phe 

Ile 

Pro 

Ser 

Ser 

Gly 

Pro 

Thir 

Asp 

Glu 

Luell 

Pro 
11 O 

Wall 

Luell 

Pro 

Luell 
19 O 

Asp 

Gly 

Cctaggalaga 

cticago atta 

cgtgctctgc 

gcttggctic C 

Ser Wall 
15 

Lieu. Luell 

Ala Arg 

Gly Ala 

Asp Ala 
8O 

Cys Met 
95 

Glu Asn 

Tyr His 

Arg Ala 

Ser Arg 
160 

Arg Arg 
17s 

Asn. Wall 

Ser Glin 

Pro Leu 

Thr Gly 
24 O 

agagaaaggc 

gcc acticagt 

actgtctgca 

aactggggaa 

294 O 

3 OOO 

3 O18 

6 O 

12 O 

18O 

24 O 
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ttctat caaa tactag tatt aattitatgta t ctdgttaat gacatactitg gaga.gcaaat 366 O 

tatggaaatg td tatttitat atgatttittg aggtoctdtc taaac cctdt gtc. cctdagg 372 O 

gatctgtc.t.c actggcatct togttgagggc cittgcacata ggaaacttitt gataagtatic 378 O 

tgcggaaaaa caaacatgaa t cctgttgata ttgggct citt Caggaag cat aaa.gcaattg 384 O 

tgaaatacag tat accgcag tect ctagg taggaaag gaggaaaaag tectt attat 3900 

gtgcaa.catt atgattaatc tdattataca ccatttittga gcagat cittg gaatgaatga 396 O 

catgacctitt coctagagaa taaggatgaa ataat cactic attctatgaa cagtgacact 4 O2O 

actittctatt ctittagctgt actgtaattt ctittgagttgatagittttac aaatt cittaa 4 O8O 

taggttcaaa agcaatctgg totgaataac actggatttgtttctgtgat citctgaggit c 414 O 

tattittatgt ttittgctgct acttctgtgg aagtagctitt gaact agttt tactittgaac 42OO 

titt cacgctgaaacatgcta gtgat atcta gaaagggcta attaggit ct c atc ctittaat 426 O 

gcc.ccittaaa taagtc.ttgc tigattitt cag acagggaagt citctic tatta cactggagct 432O 

gttittataga taagt caata ttgtat cagg caagataaac caatgtcata acaggcattg 438 O 

c caacct cac togacacaggg toatagtgta taataatata citg tactata taatatat ca 4 44 O 

t ctittagagg tatgatttitt to atgaaaga taagcttittg gtaat attca ttittaaagtg 4500 

gact tattaa aattggatgc tagagaatca agtttattitt atgtatatat ttittctgatt 456 O 

ataagagtaa tatatgttca ttgtaaaaat ttittaaaa.ca cagaaactat atgcaaagaa 462O 

aaaataaaaa ttatctataa tot cagaacc cagaaatago cact attaac atttic ctacg 468O 

tattittattt tacatagatc at attgtata tagttagtat ctittattaat ttittatt atg 474. O 

aaactitt cct ttgtcatt at tagt cittcaa aag catgatt tittaatagitt gttgagtatt 48OO 

ccaccacagg aatgitat cac aacttaac cq t t c cc.gtttgttagacitagt ttctt attaa 486 O 

tgttgatgaa tdttgtttaa aaataattitt gttgctacat titactittaat titccttgact 492 O 

gtaaagagaa gtaattittgc ticcittgataa agt attatat taataataaa totgcctgca 498O 

actittittgcc ttctitt cata at cataaaaa aa 5O12 

<210s, SEQ ID NO 7 
&211s LENGTH: 910 
212. TYPE: PRT 

<213> ORGANISM: Homo sapiens 

<4 OO > SEQUENCE: 7 

Asp Ser Arg Asn Ala Ser Lieu Pro Lieu. Gly Ala Pro Ser Pro Lieu. Glin 
1. 5 1O 15 

Pro Ala Thr Gly Asp Val Ala Ser Asp Ser Tyr Asn. Asn Val Phe Arg 
2O 25 3O 

Asp Thr Glu Ala Lieu. Arg Glu Lieu. Gly Val Thr His Tyr Arg Phe Ser 
35 4 O 45 

Ile Ser Trp Ala Arg Val Lieu Pro Asn Gly Ser Ala Gly Val Pro Asn 
SO 55 6 O 

Arg Glu Gly Lieu. Arg Tyr Tyr Arg Arg Lieu. Lieu. Glu Arg Lieu. Arg Glu 
65 70 7s 8O 

Lieu. Gly Val Glin Pro Val Val Thr Lieu. Tyr His Trp Asp Leu Pro Glin 
85 90 95 

Arg Lieu. Glin Asp Ala Tyr Gly Gly Trp Ala Asn Arg Ala Lieu Ala Asp 
1OO 105 11 O 

His Phe Arg Asp Tyr Ala Glu Lieu. Cys Phe Arg His Phe Gly Gly Glin 
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Wall 

Gly 
145 

Lell 

Trp 

Ser 

His 

Phe 
225 

Asn 

Phe 

Lell 

Ser 

His 
305 

Thir 

Met 

Ser 

Met 
385 

Phe 

Asp 

Wall 

Lys 
465 

Ala 

Trp 

Ile 

Ile 

Lys 
13 O 

Gly 

His 

Ile 

Ser 
21 O 

Ala 

Asn 

Ile 

Ser 

Pro 
29 O 

Pro 

Glu 

Thir 

Ile 
37 O 

Luell 

Asn 

Pro 

Thir 

His 
450 

Arg 

Luell 

Ala 

Luell 

Thir 
53 O 

115 

Ala 

Luell 

Ala 
195 

Ile 

Luell 

Phe 
27s 

Asn 

Glin 

Arg 

Thir 

Ala 
355 

Arg 

Luell 

Gly 

Thir 
435 

His 

Luell 

Luell 

Glin 
515 

Pro 

Trp 

Thir 

Luell 

Tyr 
18O 

Luell 

Pro 

Ser 

Gly 
26 O 

Glin 

Luell 

Ile 

Asp 

Luell 
34 O 

Trp 

Arg 

Pro 

Phe 

Asp 

Luell 

Ser 

Ser 

Glin 

Ile 
SOO 

Wall 

Ile 

Gly 

Wall 
1.65 

Asn 

Ser 

Glu 

Wall 

Ser 
245 

Thir 

Lell 

Arg 

Phe 

Asp 
3.25 

Lys 

Ser 

Gly 

Lys 

Pro 
4 OS 

Phe 

Ser 

Lys 

Tyr 

Glu 
485 

Lell 

Tyr 

Wall 

Thir 

Arg 
150 

Ala 

Thir 

Ser 

Phe 
23 O 

Ile 

Ala 

Lell 

Glin 

Ile 
310 

Ala 

Ala 

Lell 

Lell 

Ser 
390 

Pro 

Ala 

Glin 

Arg 

Cys 
470 

Met 

Pro 

Arg 

Ala 

65 

Ile 
135 

Lell 

His 

Ser 

His 

Glin 
215 

Ile 

Lell 

Asp 

Asp 

Lell 
295 

Wall 

Ile 

Met 

Phe 
375 

Ser 

Lell 

Trp 

Phe 

Lell 
45.5 

Wall 

His 

Lell 

Lell 
535 

12 O 

Asp 

Ala 

Asn 

Phe 

Trp 

Asp 

Pro 

Phe 

Pro 
28O 

Luell 

Glu 

Asp 
360 

Ala 

Pro 

Gly 

Thir 
44 O 

Ile 

Asp 

Wall 

Gly 

Met 
52O 

Trp 

Asn 

Pro 

Luell 

Arg 
185 

Ile 

Ser 

Gly 

Asp 

Phe 
265 

His 

Ser 

Asn 

Met 

Luell 
345 

Gly 

Wall 

Luell 

Glu 

Wall 
425 

Asp 

Phe 

Thir 

Asn 
505 

Ala 

Glin 

Pro 

Gly 

Luell 
17O 

Pro 

Asn 

Luell 

Asp 

Phe 
250 

Ala 

Met 

Trp 

Gly 

Tyr 
330 

Asp 

Phe 

Asp 

Phe 

Asn 

Wall 

Luell 

Wall 

Ala 

His 
490 

Glin 

Ser 

Pro 

Tyr 

Ile 
155 

Luell 

Thir 

Pro 

Asp 

Tyr 
235 

Thir 

Luell 

Ile 

Trp 
315 

Gly 

Glu 

Phe 

Tyr 
395 

Glin 

Asp 

ASn 

Asp 

Ala 

Phe 

Ser 

Glu 

Met 

US 9,272,017 B2 
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Wall 
14 O 

Arg 

Ala 

Glin 

Arg 

Phe 
22O 

Pro 

Glu 

Phe 

Asp 
3 OO 

Phe 

Lell 

Wall 

Trp 

Lell 

Glin 

Pro 

Asn 

Wall 

Gly 
460 

Ile 

Arg 

Glin 

Lell 

Ala 
54 O 

125 

Wall 

Gly 

His 

Gly 

Arg 

Wall 

Glu 

Ser 

Phe 

Arg 
285 

Lell 

Wall 

Asp 

His 
365 

Ser 

Lell 

Tyr 
445 

Wall 

Glin 

Phe 

Wall 

Wall 
525 

Pro 

Ala 

Ser 

Ala 

Gly 
19 O 

Met 

Luell 

Ser 

Glu 

Gly 
27 O 

Glin 

Glu 

Ser 

Wall 
35. O 

Arg 

Glin 

Luell 

Glu 

Ile 
43 O 

Luell 

Wall 

Pro 

Ser 

Asn 

Arg 

Asn 

Trp 

Pro 

Lys 
17s 

Glin 

Thir 

Gly 

Met 

Lys 
255 

Pro 

Luell 

Phe 

Gly 

Phe 
335 

Ile 

Gly 

Asp 

Ile 

Gly 
415 

Glin 

Trp 

Thir 

Glin 

Luell 
495 

His 

Wall 

Glin 

His 

Arg 
160 

Wall 

Wall 

Asp 

Trp 

Lys 
24 O 

Thir 

Glu 

Asn 

Thir 

Ile 

Gly 

Glu 
4 OO 

Thir 

Wall 

Asp 

Lys 

Ile 
48O 

Asp 

Thir 

Asn 

Gly 

66 
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Lieu Pro Arg Lieu. Lieu Ala Arg Glin Gly Ala Trp Glu ASn Pro Tyr Thr 
5.45 550 555 560 

Ala Lieu Ala Phe Ala Glu Tyr Ala Arg Lieu. Cys Phe Glin Glu Lieu. Gly 
565 st O sts 

His His Val Lys Lieu. Trp Ile Thr Met Asn Glu Pro Tyr Thr Arg Asn 
58O 585 59 O 

Met Thr Tyr Ser Ala Gly. His Asn Lieu. Lieu Lys Ala His Ala Lieu Ala 
595 6OO 605 

Trp His Val Tyr Asn. Glu Lys Phe Arg His Ala Glin Asn Gly Lys Ile 
610 615 62O 

Ser Ile Ala Lieu. Glin Ala Asp Trp Ile Glu Pro Ala Cys Pro Phe Ser 
625 630 635 64 O 

Glin Lys Asp Llys Glu Val Ala Glu Arg Val Lieu. Glu Phe Asp Ile Gly 
645 650 655 

Trp Leu Ala Glu Pro Ile Phe Gly Ser Gly Asp Tyr Pro Trp Val Met 
660 665 67 O 

Arg Asp Trp Lieu. Asn Glin Arg Asn. Asn. Phe Lieu Lleu Pro Tyr Phe Thr 
675 68O 685 

Glu Asp Glu Lys Llys Lieu. Ile Glin Gly. Thir Phe Asp Phe Lieu Ala Lieu. 
69 O. 695 7 OO 

Ser His Tyr Thr Thr Ile Leu Val Asp Ser Glu Lys Glu Asp Pro Ile 
7 Os 71O 71s 72O 

Lys Tyr Asn Asp Tyr Lieu. Glu Val Glin Glu Met Thr Asp Ile Thir Trp 
72 73 O 73 

Lieu. Asn. Ser Pro Ser Glin Val Ala Val Val Pro Trp Gly Lieu. Arg Llys 
740 74. 7 O 

Val Lieu. Asn Trp Lieu Lys Phe Llys Tyr Gly Asp Lieu Pro Met Tyr Ile 
7ss 760 765 

Ile Ser Asn Gly Ile Asp Asp Gly Lieu. His Ala Glu Asp Asp Glin Lieu. 
770 775 78O 

Arg Val Tyr Tyr Met Glin Asn Tyr Ile Asin Glu Ala Lieu Lys Ala His 
78s 79 O 79. 8OO 

Ile Lieu. Asp Gly Ile Asn Lieu. Cys Gly Tyr Phe Ala Tyr Ser Phe Asn 
805 810 815 

Asp Arg Thir Ala Pro Arg Phe Gly Lieu. Tyr Arg Tyr Ala Ala Asp Glin 
82O 825 83 O 

Phe Glu Pro Lys Ala Ser Met Lys His Tyr Arg Lys Ile Ile Asp Ser 
835 84 O 845 

Asn Gly Phe Pro Gly Pro Glu Thir Lieu. Glu Arg Phe Cys Pro Glu Glu 
850 855 860 

Phe Thr Val Cys Thr Glu. Cys Ser Phe Phe His Thr Arg Llys Ser Lieu. 
865 87O 87s 88O 

Leu Ala Phe Ile Ala Phe Leu Phe Phe Ala Ser Ile Ile Ser Lieu. Ser 
885 890 895 

Lieu. Ile Phe Tyr Tyr Ser Llys Lys Gly Arg Arg Ser Tyr Lys 
9 OO 905 91 O 

<210s, SEQ ID NO 8 
&211s LENGTH: 5917 
&212s. TYPE: DNA 

<213> ORGANISM: Homo sapiens 

<4 OOs, SEQUENCE: 8 

agatgcaggg gcgcaaacgc caaaggagac Caggctgtag galagaga agg gcagagcgc.c 







atct ctacta aaaatgcaaa 

ccacaggagg Ctgaggcaga 

attgcgc.cat tdcact coag 

aggit ctgcag aaactgaaac 

Ccagtgct tc taagtgcagg 

ggct tcgttt Cttgttggta 

Ctgt atttgt tdgactgtc. 

atcCtgtc.cc ticaggaacgg 

ggaatt tact tctgccacct 

cc.gtacct ca tdgctcaaac 

ggattact.gc taaatacaaa 

attgctgctt taaatttctg 

gtaaaattct citttgtttct 

tgtttaaaga aggcatcatt 

gcatttgctt tag accgca 

gccttggc cc taccttgaag 

aagt ccttgg gagaggtgct 

tgctgttact act caaatca 

alagacagtga aattgacctg 

<210s, SEQ ID NO 9 
&211s LENGTH: 822 
212. TYPE: PRT 

&213s ORGANISM: 

<4 OOs, SEQUENCE: 9 

73 

aattatccag 

atc ccttgaa 

Cctgggcaac 

ccaga catgt 

agalacatgtc. 

tgcct cocca 

gCagatcttg 

ggggaaaatt 

gctggtcatc 

taCCaCtcCt 

agaaagttca 

agctagggat 

citctgtaaat 

tggtgaacag 

Caggagtgtc. 

Caatgttgttg 

agaaaaat at 

CCCaCaaatt 

aaaaaaaaaa. 

Homo sapiens 

Met Trp Ser Trp Llys Cys Lieu. Lieu. 
1. 

Thir 

Pro 

Asp 

Asn 
65 

Ile 

Gly 

Asp 

Lys 
145 

Met 

Luell 

Trp 

Luell 
SO 

Trp 

Thir 

Luell 

Phe 

Asp 
13 O 

Pro 

Glu 

5 

Cys Thr Ala Arg Pro Ser 

Gly Ala Pro Val Glu Val 
35 4 O 

Lieu. Glin Lieu. Arg Cys Arg 
55 

Lieu. Arg Asp Gly Val Glin 
70 

Gly Glu Glu Val Glu Val 
85 

Tyr Ala Cys Val Thr Ser 

Ser Val Asn. Wal Ser Asp 
115 12 O 

Asp Asp Asp Ser Ser Ser 
135 

Asn Arg Met Pro Val Ala 
150 

Llys Llys Lieu. His Ala Val 
1.65 

gCatggtggc 

gctgggaggc 

agagaaaa.ca 

gtctgcc.ccc 

acctgaggct 

gatcgt.cctt 

gctitcttaca 

citc.cgaatgt 

actgtcc toa 

cagt cqctat 

atatgtttitc 

tttittggcag 

agcacctgct 

alactaggaaa 

titt cottgta 

tgaagggatg 

aaggcactat 

tcc ccaaaga 

aaaaaaa. 

Phe Trp Ala 
1O 

Pro Thir Lieu. 
25 

Glu Ser Phe 

Lieu. Arg Asp 

Lieu Ala Glu 
7s 

Glin Asp Ser 
90 

Ser Pro Ser 
105 

Ala Lieu Pro 

Glu Glu Lys 

Pro Tyr Trp 
155 

Pro Ala Ala 
17O 
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acacgc.ctgt aatcc cagot 

ggaggttgca gtgagcc.gag 

aaaaggaaaa caaatgatga 

tctatgtggg catggittittg 

agttittgcat t caggtocct 

cctgtat coa tdtgaccaga 

gttct tcctg. tccaaacticc 

ttittggttitt ttggctgctt 

Ctalagtggat tctggct coc 

attaaagctt at attittgct 

atttctgtag ggaaaatggg 

Ctgcagtgtt ggcgact att 

aac attacaa tttgt attta 

tgaatttitta gct cittaaaa 

aaa.ca.gtgat gataatttct 

aagaatctaa aagt citt cat 

cataattaca gtgatgtc.ct 

ctg.cgctago tdtcaaataa 

Wall 

Pro 

Lell 

Asp 
6 O 

Ser 

Wall 

Gly 

Ser 

Glu 
14 O 

Thir 

Lell 

Glu 

Wall 
45 

Wall 

Asn 

Pro 

Ser 

Ser 
125 

Thir 

Ser 

Thir 

Wall. Thir Ala 
15 

Glin Ala Glin 
3O 

His Pro Gly 

Glin Ser Ile 

Arg Thr Arg 
8O 

Ala Asp Ser 
95 

Asp Thir Thr 
11 O 

Glu Asp Asp 

Asp Asn. Thr 

Pro Glu Lys 
160 

Val Llys Phe 
17s 

486 O 

492 O 

498O 

5040 

516 O 

522 O 

528 O 

534 O 

54 OO 

546 O 

552O 

558 O 

564 O 

st OO 

576. O 

582O 

588 O 

5917 
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Asn 

Arg 

Lys 
225 

His 

Lell 

Wall 

Trp 

Lell 
3. OS 

Gly 

Ser 

Met 

Phe 
385 

Ser 

Lell 

Ser 

Lell 

Lell 
465 

Gly 

Ala 

Wall 

Ile 

Ile 
5.45 

Wall 

Arg 

Gly 

Tyr 
21 O 

Gly 

Thir 

Glin 

Glu 

Luell 
29 O 

Pro 

Glu 

Glu 

Ala 

Thir 
37 O 

Luell 

Gly 

Ala 

Ser 

Ser 
450 

Pro 

Ile 

Ser 

53 O 

Asn 

Glu 

Pro 

Pro 

Lys 
195 

Ala 

Asn 

Ala 

Phe 
27s 

Met 

Trp 
355 

Ser 

Ile 

Thir 

Ala 
435 

Ser 

Glu 

Pro 

Gly 

Met 

515 

Glu 

Luell 

Pro 

Ser 
18O 

Glu 

Thir 

Glin 

Gly 
26 O 

Met 

His 

Wall 

Glu 

Thir 
34 O 

Luell 

Pro 

Ser 

Ser 

Ser 

Ser 

Asp 

Luell 

Luell 
SOO 

Luell 

Met 

Luell 

Ala 

Gly 
58O 

Ser 

Phe 

Trp 

Thir 

Lell 
245 

Lell 

Cys 

Ile 

Glin 

Wall 
3.25 

Cys 

Thir 

Lell 

Cys 

Lys 
4 OS 

Ile 

Met 

Gly 

Pro 

Gly 
485 

Asp 

Lys 

Glu 

Gly 

Ser 

565 

Lell 

Gly 

Ser 

Cys 
23 O 

Asp 

Pro 

Glu 

Ile 
310 

Lell 

Lell 

Wall 

Met 
390 

Ser 

Pro 

Asn 

Thir 

Arg 
470 

Glu 

Ser 

Met 

Ala 
550 

Glu 

75 

Thir 

Pro 

Ile 
215 

Ile 

Wall 

Ala 

Wall 

Wall 
295 

Lell 

His 

Ala 

Lell 

Lell 
375 

Wall 

Asp 

Lell 

Ser 

Pro 
45.5 

Trp 

Gly 

Asp 

Asp 

Met 

535 

Pro 

Asp 

Ile 

Wall 

Wall 

Asn 

Tyr 

Asn 

Luell 

Gly 

Glu 
360 

Glu 

Gly 

Phe 

Arg 

Gly 
44 O 

Met 

Glu 

Ala 
52O 

Thir 

Asn 

Asn 
185 

His 

Met 

Glu 

Glu 

Lys 
265 

Ser 

Gly 

Thir 

Arg 

Asn 
345 

Ala 

Ile 

Ser 

His 

Arg 
425 

Wall 

Luell 

Luell 

Phe 

Pro 
505 

Thir 

Met 

Glin 

Luell 

Tyr 
585 

Pro 

Arg 

Asp 

Asn 

Arg 
250 

Thir 

Asp 

Ser 

Ala 

Asn 
330 

Ser 

Luell 

Ile 

Wall 

Ser 

Glin 

Luell 

Ala 

Pro 

Gly 
490 

Asn 

Glu 

Ile 

Asp 

Arg 
st O 

Asn 

Thir 

Ile 

Ser 

Glu 
235 

Ser 

Wall 

Pro 

Gly 
315 

Wall 

Ile 

Glu 

Ile 

Ile 
395 

Glin 

Wall 

Luell 

Gly 

Arg 

Glin 

Arg 

Gly 

Gly 
555 

Glu 

Pro 
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Lell 

Gly 

Wall 
22O 

Pro 

Ala 

Glin 

Ile 
3 OO 

Wall 

Ser 

Gly 

Glu 

Tyr 

Wall 

Met 

Thir 

Wall 

Wall 
460 

Asp 

Wall 

Wall 

Asp 

Lys 
54 O 

Pro 

Ser 

Arg 

Gly 

Wall 

Gly 

His 

Lell 

Pro 
285 

Gly 

Asn 

Phe 

Lell 

Arg 
365 

Ala 

Wall 

Arg 
445 

Ser 

Arg 

Wall 

Thir 

Lell 

525 

His 

Lell 

Lell 

His 

Trp 
19 O 

Tyr 

Pro 

Ser 

Arg 

Gly 
27 O 

His 

Pro 

Thir 

Glu 

Ser 
35. O 

Pro 

Thir 

Wall 

Ser 
43 O 

Pro 

Glu 

Luell 

Luell 

Lys 

Ser 

Glin 

Asn 

59 O 

Luell 

Ser 

Ile 

Pro 
255 

Ser 

Ile 

Asp 

Thir 

Asp 
335 

His 

Ala 

Gly 

Met 

His 
415 

Ala 

Ser 

Wall 

Ala 
495 

Wall 

Asp 

Asn 

Wall 

Ala 
sts 

Pro 

Wall 

Asp 

Asn 
24 O 

Ile 

Asn 

Glin 

Asn 

Asp 

Ala 

His 

Wall 

Ala 

Lys 
4 OO 

Asp 

Arg 

Glu 

Luell 

Glu 

Ala 

Luell 

Ile 

Ile 
560 

Arg 

Glu 

76 
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Glu Gln Lieu. Ser Ser Lys Asp Lieu Val Ser Cys Ala Tyr Glin Val Ala 
595 6OO 605 

Arg Gly Met Glu Tyr Lieu Ala Ser Lys Lys Cys Ile His Arg Asp Lieu 
610 615 62O 

Ala Ala Arg Asn Val Lieu Val Thr Glu Asp Asn. Wal Met Lys Ile Ala 
625 630 635 64 O 

Asp Phe Gly Lieu Ala Arg Asp Ile His His Ile Asp Tyr Tyr Lys Llys 
645 650 655 

Thir Thr Asn Gly Arg Lieu Pro Wall Lys Trp Met Ala Pro Glu Ala Lieu. 
660 665 67 O 

Phe Asp Arg Ile Tyr Thr His Glin Ser Asp Val Trp Ser Phe Gly Val 
675 68O 685 

Lieu. Leu Trp Glu Ile Phe Thr Lieu. Gly Gly Ser Pro Tyr Pro Gly Val 
69 O. 695 7 OO 

Pro Val Glu Glu Lieu. Phe Llys Lieu. Lieu Lys Glu Gly His Arg Met Asp 
7 Os 71O 71s 72O 

Llys Pro Ser Asn Cys Thr Asn Glu Lieu. Tyr Met Met Met Arg Asp Cys 
72 73 O 73 

Trp. His Ala Val Pro Ser Glin Arg Pro Thr Phe Lys Gln Leu Val Glu 
740 74. 7 O 

Asp Lieu. Asp Arg Ile Val Ala Lieu. Thir Ser Asn Glin Glu Tyr Lieu. Asp 
7ss 760 765 

Lieu. Ser Met Pro Lieu. Asp Gln Tyr Ser Pro Ser Phe Pro Asp Thr Arg 
770 775 78O 

Ser Ser Thr Cys Ser Ser Gly Glu Asp Ser Val Phe Ser His Glu Pro 
78s 79 O 79. 8OO 

Lieu Pro Glu Glu Pro Cys Lieu Pro Arg His Pro Ala Glin Lieu Ala Asn 
805 810 815 

Gly Gly Lieu Lys Arg Arg 
82O 

<210s, SEQ ID NO 10 
&211s LENGTH: 224 
212. TYPE: PRT 

<213> ORGANISM: Homo sapiens 

<4 OOs, SEQUENCE: 10 

Ala Ser Pro Lieu. Lieu. Gly Ser Ser Trp Gly Gly Lieu. Ile His Lieu. Tyr 
1. 5 1O 15 

Thir Ala Thr Ala Arg Asn. Ser Tyr His Lieu. Glin Ile His Lys Asn Gly 
2O 25 3O 

His Val Asp Gly Ala Pro His Glin Thr Ile Tyr Ser Ala Leu Met Ile 
35 4 O 45 

Arg Ser Glu Asp Ala Gly Phe Val Val Ile Thr Gly Val Met Ser Arg 
SO 55 6 O 

Arg Tyr Lieu. Cys Met Asp Phe Arg Gly Asn Ile Phe Gly Ser His Tyr 
65 70 7s 8O 

Phe Asp Pro Glu Asn Cys Arg Phe Gln His Glin Thr Lieu. Glu Asn Gly 
85 90 95 

Tyr Asp Val Tyr His Ser Pro Glin Tyr His Phe Leu Val Ser Leu Gly 
1OO 105 11 O 

Arg Ala Lys Arg Ala Phe Leu Pro Gly Met Asn Pro Pro Pro Tyr Ser 
115 12 O 125 

Glin Phe Leu Ser Arg Arg Asn Glu Ile Pro Leu. Ile His Phe Asn Thr 
13 O 135 14 O 
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Pro Ile Pro Arg Arg His Thr Arg Ser Ala Glu Asp Asp Ser Glu Arg 
145 150 155 160 

Asp Pro Lieu. Asn Val Lieu Lys Pro Arg Ala Arg Met Thr Pro Ala Pro 
1.65 17O 17s 

Ala Ser Cys Ser Glin Glu Lieu Pro Ser Ala Glu Asp Asn. Ser Pro Met 
18O 185 19 O 

Ala Ser Asp Pro Lieu. Gly Val Val Arg Gly Gly Arg Val Asn. Thir His 
195 2OO 2O5 

Ala Gly Gly Thr Gly Pro Glu Gly Cys Arg Pro Phe Ala Lys Phe Ile 
21 O 215 22O 

<210s, SEQ ID NO 11 
&211s LENGTH: 72 
212. TYPE: PRT 

<213> ORGANISM: Homo sapiens 

<4 OOs, SEQUENCE: 11 

Ser Ala Glu Asp Asp Ser Glu Arg Asp Pro Lieu. Asn Val Lieu Lys Pro 
1. 5 1O 15 

Arg Ala Arg Met Thr Pro Ala Pro Ala Ser Cys Ser Glin Glu Lieu Pro 
2O 25 3O 

Ser Ala Glu Asp Asn. Ser Pro Met Ala Ser Asp Pro Lieu. Gly Val Val 
35 4 O 45 

Arg Gly Gly Arg Val Asn. Thir His Ala Gly Gly Thr Gly Pro Glu Gly 
SO 55 6 O 

CyS Arg Pro Phe Ala Llys Phe Ile 
65 70 

<210s, SEQ ID NO 12 
&211s LENGTH: 26 
212. TYPE: PRT 

<213> ORGANISM: Homo sapiens 

<4 OOs, SEQUENCE: 12 

Ser Ala Glu Asp Asp Ser Glu Arg Asp Pro Lieu. Asn Val Lieu Lys Pro 
1. 5 1O 15 

Arg Ala Arg Met Thr Pro Ala Pro Ala Ser 
2O 25 

<210s, SEQ ID NO 13 
&211s LENGTH: 2O 
&212s. TYPE: DNA 
<213> ORGANISM: Artificial 
22 Os. FEATURE: 

<223> OTHER INFORMATION: primer 

<4 OOs, SEQUENCE: 13 

tgatttgcat t ct coaccaa 

<210s, SEQ ID NO 14 
&211s LENGTH: 2O 

&212s. TYPE: DNA 
<213> ORGANISM: Artificial 
22 Os. FEATURE: 

<223> OTHER INFORMATION: primer 

<4 OOs, SEQUENCE: 14 

cittctocccg cittittcttct 

<210s, SEQ ID NO 15 
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&211s LENGTH: 2O 
&212s. TYPE: DNA 
<213> ORGANISM: Artificial 
22 Os. FEATURE: 

<223> OTHER INFORMATION: primer 

<4 OOs, SEQUENCE: 15 

tatgggc.cag atggattacc 

<210s, SEQ ID NO 16 
&211s LENGTH: 2O 
&212s. TYPE: DNA 
<213> ORGANISM: Artificial 
22 Os. FEATURE: 

<223> OTHER INFORMATION: primer 

<4 OOs, SEQUENCE: 16 

gcacgtatac tocccago at 

<210s, SEQ ID NO 17 
&211s LENGTH: 2O 
&212s. TYPE: DNA 
<213> ORGANISM: Artificial 
22 Os. FEATURE: 

<223> OTHER INFORMATION: primer 

<4 OOs, SEQUENCE: 17 

acctggtgtc. citgtgcctac 

<210s, SEQ ID NO 18 
& 211 LENGTH: 2O 
&212s. TYPE: DNA 
<213> ORGANISM: Artificial 
22 Os. FEATURE: 

<223> OTHER INFORMATION: primer 

<4 OOs, SEQUENCE: 18 

catt cqatgg ccct cittitta 

<210s, SEQ ID NO 19 
&211s LENGTH: 2O 
&212s. TYPE: DNA 
<213> ORGANISM: Artificial 
22 Os. FEATURE: 

<223> OTHER INFORMATION: primer 

<4 OOs, SEQUENCE: 19 

Ctgaag caca t cagg to aa 

<210s, SEQ ID NO 2 O 
&211s LENGTH: 2O 
&212s. TYPE: DNA 
<213> ORGANISM: Artificial 
22 Os. FEATURE: 

<223> OTHER INFORMATION: primer 

<4 OOs, SEQUENCE: 2O 

Cctgacticca gggagaactg 

<210s, SEQ ID NO 21 
&211s LENGTH: 2O 
&212s. TYPE: DNA 

<213> ORGANISM: Artificial 
22 Os. FEATURE: 

<223> OTHER INFORMATION: primer 

<4 OOs, SEQUENCE: 21 
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- Continued 

agcc ct caa agatgactga 

SEQ ID NO 22 
LENGTH: 2O 
TYPE: DNA 
ORGANISM: Artificial 
FEATURE: 

OTHER INFORMATION: primer 

< 4 OOs SEQUENCE: 22 

acaaac cago cattct coac 

SEQ ID NO 23 
LENGTH: 2O 
TYPE: DNA 
ORGANISM: Artificial 
FEATURE: 

OTHER INFORMATION: primer 

< 4 OOs SEQUENCE: 23 

gtgggggatg aggcc.ca.gag 

SEQ ID NO 24 
LENGTH: 2O 
TYPE: DNA 
ORGANISM: Artificial 
FEATURE: 

OTHER INFORMATION: primer 

<4 OOs, SEQUENCE: 24 

agctgtggtg gtgaaactgt 

What is claimed: 
1. A pharmaceutical composition comprising: 
a peptide comprising at least a portion corresponding to the 

C-terminus of FGF23, wherein the portion correspond 
ing to the C-terminus of FGF23 consists of the amino 
acid sequence of SEQID NO:12 and 

an additive, wherein the additive is a vitamin D receptor 
agonist and is formulated in combination with said pep 
tide for simultaneous administration. 

2. The pharmaceutical composition according to claim 1, 
wherein the peptide consists of SEQID NO:12. 

3. The pharmaceutical composition according to claim 1 
further comprising a pharmaceutically acceptable carrier. 

35 
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4. The pharmaceutical composition according to claim 1, 
wherein the composition is in the form of a tablet, capsule, 
powder, Solution, Suspension, or emulsion. 

5. The pharmaceutical composition according to claim 1, 
wherein the composition is formulated for administration to a 
Subject orally, parenterally, Subcutaneously, intravenously, 
intramuscularly, intraperitoneally, by intranasal instillation, 
by implantation, by intracavitary or intravesical instillation, 
intraocularly, intraarterially, intralesionally, transdermally, or 
by application to mucous membranes. 

6. The pharmaceutical composition according to claim 1, 
wherein the additive is vitamin D. 
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